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This  paper  reviews  the  literature  on  the  subject  albeit  approaching  hybrid  micro-generation  power 
systems  from  a  systems  thinking  (ST)  and  cybernetics  standpoint,  viewing  them  as  dynamically  complex 
adaptive  systems  (CAS)  coupled  with  and  supplying  to  a  set  of  homes  termed  a  sustainable  block  in  a 
rural  setting.  Here  homeostatic  regulation  (HR)  and  control  play  a  vital  role  in  reaching  efficient 
equilibrium  towards  reconciling  power  supply  and  demand  response  management.  Unlike  most  of  the 
work  reviewed  in  the  literature,  the  focus  here  is  on  supervisory  control  of  grid-connected  micro¬ 
generation  systems  without  energy  storage,  aiming  towards  building  energy  efficiency,  thriftiness  and 
sustainability  in  energy  consumption.  Building  on  homeostatic  control  (HC)  principles  first  introduced  by 
F.C.  Schweppe  in  1979,  the  paper  explores  the  concepts  of  sustainability  and  sustainable  hybrid  energy 
systems  (SHES)  applied  to  micro-generation,  focusing  on  operational  aspects  rather  than  on  socio¬ 
economic,  environmental  or  regulatory  ones.  A  concrete  theoretical  model  for  building  a  SHES  is 
presented  for  a  proposed  grid-connected  renewable  microgrid.  The  model  seeks  to  reconcile  power 
supply  and  demand  towards  efficient  equilibrium  (homeostasis)  proposing  reward-based  criteria  for 
controlling  renewable  electricity  supply  and  consumption  in  rural  communities  in  Chile.  Discussion  and 
recommendations  are  also  offered  stating  that  energy  sustainability  (ES)  is  essentially  a  systems  issue, 
and  one  where  ES  is  first  and  foremost  a  structural,  organizational  and  operational  property  which  is  in 
the  very  nature  of  the  system  itself  -  it  is  built  into  it  -  rather  than  explained  by  exogenous  factors. 
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1.  Introduction 

The  potential  for  using  hybrid  renewable  energy  systems 
(HRES)  based  on  non-conventional  renewable  energies  (NCRE) 
for  electricity  generation  in  rural  and  remote  communities  is  big 
and  growing  and  Chile  is  a  perfect  candidate  for  such  initiatives 
being  rich  in  renewable  energy  sources  (RES)  throughout  its  long 
territory.  For  this  purpose  drivers  for  implementing  distributed 
generation  (DG)  systems  using  NCRE  are  to  be  identified  in  each 
case,  but  in  general,  these  are  the  geographic  potentials  for 
production,  the  technology  available  and  the  social,  economic 
and  political  support  garnered  along  with  the  active  involvement 
of  the  local  community  and  authorities,  respectively  [1-33].  There¬ 
fore,  to  meet  the  energy  requirements  of  remote  and  rural 
communities,  HRES  for  DG  of  electricity  and  heat  -  working  in  a 
variety  of  smart  microgrid  configurations  -  can  be  a  viable  and 
convenient  solution,  especially  in  those  places  where  there  is  still 
no  electrical  energy  distribution  network  available  as  it  is  pre¬ 
sently  the  case  in  many  locations  of  Latin  America.  However  the 
cost  of  hybrid  energy  systems  based  on  renewable  energy  tech¬ 
nologies  (RET)  is  generally  high  and  there  is  also  the  problem  of 
reliability  associated  with  the  RET  due  to  the  intermittent  nature 
of  RES  [1-8].  Thus  there  arises  the  need  to  design  and  develop 
small,  modular,  smarter  hybrid  micro-generation  systems  (HMS) 
that  are  efficient,  cost-effective  and  economically  profitable  as  an 
investment  notwithstanding  their  small  size  and  power  genera¬ 
tion  ranges,  which  usually  operate  in  the  kW  range.  They  are 
employed  for  residential  or  small  commercial/industrial  purposes 
and  also  for  small  size  power  back-up  applications,  rather  than  in 
the  mega  watt  (MW)  range  for  power  utility  size  applications. 
These  can  be  comprised  of  mature  technologies  such  as  small 
wind  turbines,  photovoltaic  (PV)  panels  and  microturbines  or 
generators,  for  example,  operating  on  diesel  or  with  liquefied 
petroleum  gas  (LPG),  in  rural/remote  locations  which  can  also 
incorporate  different  options  of  energy  storage  systems  (ESS) 
[9,10]  but  only  when  these  are  economically  feasible  for  the 
project's  users,  are  deemed  appropriate  and  necessary  for  the 
particular  configuration  and  sizing  chosen  for  specific  needs,  and 
are  not  thwarted  by  the  location's  ordinances,  environmental  or 
budget  restrictions,  many  of  which  exist  today  in  several  locations 
of  Chile  as  well  as  in  the  rest  of  the  world.  With  respect  to  this,  the 
examination  of  past  energy  technology  practices  at  other  well 
known  sites  with  uniquely  fragile  environment  [6-8,12-33,129] 
can  provide  valuable  lessons  for  new  HRES  designs  that  integrate 
centralized  power  generation  and  distribution  infrastructure  with 
local  RES,  matching  distributed  energy  demand  with  local  power 
supply  effectively  [1-8],  Likewise  NCRE  have  significant  potential 
for  contributing  to  the  economic,  social  and  environmental  sus¬ 
tainability  of  these  rural  and  remote  communities,  which  are  so 
abundant  in  number  in  South  America.  They  also  reduce  emissions 
of  local  and  global  pollutants  and  may  create  local  socioeconomic 
development  opportunities  as  well  [1-33].  On  the  other  hand, 


sustainable  hybrid  energy  systems  (SHES)  are  those  that  can 
overcome  perturbations  and  chaos,  enduring  adverse  and  chan¬ 
ging  conditions  in  spite  of  how  complex  the  environment  in  which 
they  are  immersed  turns  out  to  be.  Chaos  theory  studies  the 
behavior  of  complex,  dynamical  systems  that  are  capable  of 
adapting  and  are  highly  sensitive  to  initial  conditions  [226,227] 
just  like  HRES  are.  Such  systems  face  unpredictable  conditions  and 
situations  continuously,  throughout  their  operation,  due  to  a 
myriad  of  factors,  such  as  the  weather,  sudden  and  abrupt  changes 
in  peak  power  demand  and  harmonics,  for  example.  Maintaining 
voltage  and  frequency  stability  is  also  a  concern  -  especially  when 
operating  in  tandem  and  parallel  with  the  grid  -  indeed  a  complex 
ongoing  task  for  such  systems  [93-108],  Small  differences  in  initial 
conditions  or  in  operating  parameters  which  directly  determine 
their  generating  capacity  and  the  quality  of  their  power  supply  at 
any  point  in  time  can  yield  widely  diverging  outcomes  in  HRES. 
This  is  particularly  true  for  HRES  connected  to  the  grid  and 
operating  without  energy  storage  systems  (ESS).  Up  until  now, 
much  work  has  been  published  on  stand-alone  and  grid- 
connected  HRES  with  energy  storage  [1-183,187-208],  yet  upon 
an  extensive  review  of  the  relevant  literature  on  the  subject,  it  is 
found  that  there  is  a  void  in  this  area  in  particular,  with  practically 
no  research  work  published  on  grid-connected  HRES  without 
energy  storage.  Therefore  there  is  a  clear  need  to  address  such 
systems  configuration  and  device  new  and  innovative  supervisory 
control  strategies  [30-34]  from  an  alternative  viewpoint  that  can 
aid  more  effectively  and  efficiently  in  the  coordination  and  control 
of  such  systems  operation,  equipping  them  with  the  means  to 
overcome  these  challenges.  Moreover,  these  new  and  innovative 
supervisory  control  strategies  for  MGS  -  especially  for  those  tied  to 
the  grid  -  must  be  addressed  and  resolved  but  with  customers 
(loads)  being  active  players  in  such  strategies,  not  passive  ones  as 
seen  in  several  other  more  traditional  approaches  to  the  subject, 
which  focus  rather  on  components,  technology  choices  and  in 
energy  management  devices  that  totally  exclude  or  bypass  the 
energy  user  interaction  and  choice.  For  this  task  several 
approaches  were  reviewed  in  the  literature,  where  the  hybrid 
micro-generation  plant  generally  has  some  type  of  device  incor¬ 
porated  in  its  control  system  which  decides  when,  how  and  how 
much  to  adjust  the  power  supply  and  manage  energy  demand 
response  in  order  to  carry  out  load  shedding,  in  an  effort  to  keep 
the  system's  stability  in  regards  to  power  supply  and  demand  side 
management  (DSM)  requirements.  This  is  particularly  complex 
with  respect  to  reconciling  power  supply  and  energy  demand 
management  in  grid-connected  micro-generation  power  systems 
operating  without  energy  storage,  where  the  price  of  electricity 
supplied  by  the  local  grid  can  be  very  high  at  certain  times  of  day 
and  during  seasons  of  high  energy  demand  like  in  several  touristic 
locations  throughout  Chile,  particularly  so  in  the  south  and  north 
of  the  country  and  in  places  like  Easter  Island  or  the  large  island  of 
Chiloe,  located  at  the  far  south  tip  of  Chile.  Therefore  it  is  in  this 
particular  case  where  there  is  a  need  -  addressed  in  this  paper  - 
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that  has  not  yet  been  adequately  met,  to  propose  new  strategies 
for  meeting  this  challenge  and  for  devising  more  sustainable 
hybrid  energy  strategies  to  advance  in  the  direction  of  DG's 
integration  to  the  grid  with  a  variety  of  renewable  MGS  employing 
diverse  RES,  thus  harnessing  the  current  electric  power  infrastruc¬ 
ture  to  make  such  hybrid  MGS  more  stable  and  secure  in  the 
absence  of  energy  storage  devices.  The  utility  grid,  in  the  case  of 
Chile,  is  very  much  present  everywhere  yet  at  an  onerous  price 
and  subject  to  instability  due  to  load  fluctuations  and  limited 
capacity,  along  with  frequent  difficult  weather  conditions  (strong 
winds,  heavy  rain  and  snow)  and  quakes.  This  is  something  that 
has  the  government  authorities  worried  considering  the  fragile 
power  infrastructure  of  the  country  in  light  of  such  natural  events 
and  the  high  price  of  electricity  paid  in  Chile  -  the  highest  in  the 
region  -  and  especially  expensive  in  the  central  and  southern  parts 
of  the  country.  Thus,  the  days  of  huge,  highly  centralized  and  rigid 
electric  power  networks  paradigm  may  be  numbered  based  on  the 
current  trends  in  the  electric  power  generation  and  distribution 
industries  worldwide  [1-171],  Yet,  despite  the  vulnerability  that 
such  systems  entail  based  on  the  issues  already  discussed,  right 
along  with  the  dire  need  to  reduce  high  energy  costs  and  become 
more  efficient  and  energy  sustainable  in  offering  electrical  energy 
and  heating  services  to  the  population,  little  has  been  done  about 
it  in  Chile  as  of  today,  and  less  has  been  achieved  despite  the 
important  academic  and  research  contributions  [227,232-243]. 
Especially  so  in  regards  to  advancing  the  country's  energy  effi¬ 
ciency  (EE)  [243]  and  the  DG  agenda,  wisely  integrating  NCRE  to 
the  traditional  hydroelectric  and  fossil  fuels-based  power  genera¬ 
tion  infrastructure  and  thus  moving  towards  a  more  decentralized, 
flexible  and  sustainable  energy  system  infrastructure  for  the  entire 
country,  one  that  is  more  in  tune  with  the  current  needs  and 
realities  of  today's  energy  and  economic  scenario. 

3.3.  Homeostasis  as  metabolic  mechanism  of  living  life  forms 

Homeostasis  refers  to  stability,  balance  of  metabolic  processes  in 
humans  and  animals.  Maintaining  a  stable  body  system  is  essential 
for  sustainability  of  living  systems.  It  requires  constant  monitoring 
and  adjustments  by  means  of  efficient  and  effective  feedback  loops- 
based  control  in  the  body  as  conditions  change.  Just  like  the  constant 
process  of  adjustment  of  physiological  systems  within  the  body, 
constantly  working  to  adapt  the  system  to  new  and  changing 
conditions.  Such  mechanism  is  called  homeostatic  regulation  (HR), 
and  involves  three  elements:  (1)  the  receptor,  (2)  the  control  center 
and  (3)  the  effector.  Metabolism  being  a  vital  process  for  all  life  forms 
-  not  just  humans  and  animals  -  is  a  collection  of  chemical  reactions 
that  takes  place  in  the  organism's  cells.  Metabolism  in  living  systems 


is  a  dynamically  complex,  adaptive  process  which  is  also  a  constant, 
continuous  and  life-long  process.  If  the  metabolism  of  the  living 
system  stops,  the  system  dies. 

Sustainability,  on  the  other  hand,  is  the  capacity  of  living  systems 
to  endure  and  survive,  overcoming  adverse  conditions  in  spite  of  the 
changes  that  may  occur  within  or  outside  of  the  system.  It  is  a 
characteristic  which  is  inherent  to  all  living  systems,  whether  open  or 
closed.  All  living  systems  are  determined  by  their  structure  and 
organization  and  such  is  the  case  with  the  HRES,  when  it  is  connected 
to  the  grid  and  supplying  power  to  a  group  of  homes  without  energy 
storage.  In  fact,  upon  examining  the  system  closely  from  a  systemic 
and  cybernetics  standpoint,  one  finds  that  it  is  no  different  from  other 
living  systems  when  the  customers/users  of  the  system  are  part  of  it 
and  a  crucial  one  of  the  entire  meta-system,  when  viewed  as  a 
dynamically  complex,  adaptive  socio-technical  system  [119].  Thus  the 
development  of  HRES  as  SHES  is  evidently  important  and  necessary 
for  building  the  smart,  robust  and  efficient  micro-generation  systems 
of  the  future,  especially  when  it  comes  to  the  smart  HRES  as  a 
microgrid  [1-171],  However,  unlike  most  of  the  work  done  up  to  the 
present  day  on  the  subject  of  sustainability  and  sustainable  energy 
systems,  which  mainly  addresses  economic,  environmental,  social 
and  regulatory  issues,  the  present  work  detours  from  such  path  and 
focuses  rather  on  the  concept  of  built-in  sustainability  in  such  energy 
systems.  Thus,  departing  from  main  stream  analysis  of  sustainability 
in  micro-generation  power  systems  in  particular,  the  paper  builds  on 
homeostatic  control  (HC)  principles  and  concepts  [177-183]  employ¬ 
ing  a  systems  thinking  (ST)  and  cybernetics  [212-224]  approach  and 
explores  the  operational  and  systemic  aspects  of  such  systems  when 
viewed  as  CAS  in  regards  to  reconciling  power  supply  and  energy 
demand  response  management  towards  an  efficient  equilibrium 
(homeostasis),  offering  a  novel  approach  to  reconcile  energy  supply 
and  consumption  which  can  help  build  more  sustainable  hybrid 
micro-generation  systems  (HMS)  (Fig.  1 ). 

1.2.  Building  sustainability  in  hybrid  micro-generation  systems 
(HMS) 

It  is  found  that  the  literature  dealing  with  the  subject  addresses  the 
classical  issues  on  sustainability  in  a  way  that  somehow  overlooks  the 
more  technical  and  operational  aspects  of  sustainable  hybrid  energy 
systems  (SHES).  Often  times  making  the  social,  economic  and  envir¬ 
onmental  dimensions  of  energy  supply  and  consumption  manage¬ 
ment  the  key  issues  in  decision  making,  going  as  far  as  suggesting  that 
there  is  a  need  for  an  energy  ethics — a  moral  obligation  to  deal  with 
the  energy  problems  that  are  at  the  center  of  that  decision  making 
process  [172-174].  Sustainable  energy  practices  and  technologies  are 
no  doubt  important  in  today's  age  but  they  are  not  a  “moral  obligation” 


Fig.  1.  Schematic  diagram  of  a  grid-connected  PV-wind  HRES  without  energy  storage  to  supply  power  to  a  sustainable  block  in  a  rural  community.  Smart  metering  and 
supervisory  control  employing  HC  principles  and  especial  features  customized  for  consumers  are  also  considered  in  the  specific  design. 


F.F.  Yanine,  E.E.  Sauma  /  Renewable  and  Sustainable  Energy  Reviews  26  (2013)  60-95 


63 


to  be  kept  as  a  beacon  for  safeguarding  the  world's  energy  future. 
Sustainability  is  first  and  foremost  both  a  technical  and  an  operational 
issue;  it  is  complex  and  systemic  in  nature,  meaning  that  an  energy 
systems  engineering  approach  must  be  adopted,  especially  at  the 
decision  making  stages  regarding  system  design  and  planning,  encom¬ 
passing  several  factors  that  are  within  the  scope  of  sustainable  energy 
systems.  Other  authors  address  system  sustainability  differently, 
focusing  on  policy  and  regulations,  presenting  ethical  challenges  that 
require  an  inclusive  and  holistic  approach  that  transcends  traditional 
decision-making  mind  frames  [3-80,84-160].  Unlike  other  approaches 
already  explored  at  length  in  the  literature,  this  paper  does  not 
pretend  to  approach  the  energy  dilemma  from  the  broader  perspective 
of  sustainability,  discussed  in  several  papers  [3-80,84-160]  but  rather 
from  a  narrower  and  more  concise  one,  focusing  on  homeostasis  as  an 
enabling  mechanism  towards  efficient  equilibrium  in  such  systems. 
Rather  than  aiming  to  preserve  the  world  for  future  generations 
through  the  use  of  new  sustainable  energy  models,  applied  to 
microgrids,  looking  mostly  at  the  sources  of  energy  and  their  manage¬ 
ment,  based  on  socio-economic,  technical  and  environmental  factors 
and  their  inherent  sustainability  within  an  adequate  regulatory  frame¬ 
work  of  the  site,  this  paper  focuses  on  the  nature  of  sustainability  itself 
in  such  a  system.  Mainstream  views,  particularly  in  Chile  where  there 
is  a  strong  group  of  green  activists  and  environmentalists  ready  to 
strike  and  make  their  voice  heard,  halting  large  conventional  hydro¬ 
electric  and  fossil  fuel  projects  because  of  socio-cultural  and  environ¬ 
mental  concerns,  and  favoring  “green  energy”  derived  from  RES  to  be 
used  everywhere  100%  whenever  possible.  Yet  this  is  not  always 
possible  or  adequate,  given  the  circumstances  and  conditions  of  so 
many  different  rural  locations  around  the  world;  particularly  in  Chile 
where  the  grid  is  almost  always  present,  yet  at  a  high  cost.  Thus  a 
proper  combination  of  RES-based  technologies  and  conventional 
energy  sources  is  used  in  such  cases,  along  with  proper  systems 
dimensioning,  components  sizing  and  load  management  (demand  for 
energy,  as  well  as  how  and  when  it  is  expended). 

Likewise,  it  is  expected  that  by  2020  there  will  be  a  restriction 
in  energy  supply  from  fossil  fuels  due  to  a  complex  mix  of  socio¬ 
economic  forces,  along  with  environmental,  regulatory  and  hydro¬ 
carbons  supply  factors.  In  this  context  several  developed  countries 
and  some  developing  countries  such  as  Chile  -  a  current  member 
of  the  OECD  -  have  sought  to  face  the  challenge  by  addressing  the 
problem  in  its  root-cause:  an  excessive  use  of  fossil  fuels  in  the 
country’s  energy  generation  matrix,  with  a  heavily  concentrated 
industry  and  inadequate  legislation  that  thwarts  the  growth  of  DC 
and  hinders  the  integration  of  NCRE  in  the  current  state  of  the 
electricity  industrial  sector  of  the  country.  By  law,  renewables 
must  represent  10%  of  the  country's  energy  matrix  by  2024. 
Notwithstanding  the  various  and  diverse  considerations  and 
opinions  regarding  the  initiative,  what  is  true  and  relevant  to  this 
work  is  that  Chile  in  particular  has  sought  to  face  this  pressing 
issue  by  taking  up  certain  goals,  such  as  20/20  yardstick,  meaning 
that  20%  of  the  energy  supply  matrix  shall  come  from  renewable 
energy  by  the  year  2020,  in  order  to  significantly  increase  the 
participation  of  NCRE  in  the  electricity  generation  and  distribution 
sectors.  As  a  matter  of  fact,  at  present  there  is  not  practically  any 
significant  share  of  renewables  in  the  Chilean  energy  matrix. 
Currently  NCRE  only  amount  to  3%  of  the  total,  something  that 
for  Chile's  strong  RES  and  dire  energy  needs  is  perplexing.  Hence 
Chile  wants  to  bring  about  a  significant  change  in  the  coming  years 
towards  a  greener,  more  diversified,  flexible  and  sustainable 
energy  matrix;  one  which  hopefully  will  be  much  less  concen¬ 
trated  and  single-sided  than  the  present  state  of  the  electric  sector. 

However,  there  are  still  important  obstacles  ahead  that  can 
hinder  the  advancement  of  such  commending  endeavor.  During 
the  next  decade  and  towards  2035,  it  is  expected  that  NCRE  will 
play  a  much  bigger  role  in  world's  energy  supply  and  looking 
towards  2025  an  increasingly  important  role  in  Chile's  economic 


development.  Particularly  advancements  in  DC  and  HRES  integra¬ 
tion  have  been  primarily  thwarted  by  the  lack  of  adequate 
legislation  that  allows  and  incentivizes  DC  penetration  in  the 
country's  current  energy  matrix;  but  also  due  to  the  identification 
of  many  complexities,  including  efficiently  matching  supply  and 
demand.  The  is  also  a  need  to  consider  the  scale  of  current  and 
projected  needs,  and  the  many  difficulties  associated  with  repla¬ 
cing  the  presently  highly  centralized,  unidirectional  electric  power 
system  with  far  more  flexible  yet  complex  decentralized  power 
systems  (DPS)  in  the  form  of  smart  HRES  with  microgrid  technol¬ 
ogy.  Such  systems  utilize  different  and  dispersed  energy  sources  as 
well  as  energy  supplies  for  which  new,  more  flexible  and  effective 
coordination  and  control  strategies  will  be  needed.  Thus,  a  major 
challenge  that  stands  up  above  and  beyond  the  legislation  hurdle 
today  is  the  need  to  design  new,  more  flexible,  efficient  and 
smarter  systems  that  can  leverage  existing  power  infrastructure, 
based  on  the  current  centralized  generation  and  distribution 
scheme,  to  take  advantage  of  alternative  sources  at  the  local  level 
and  more  so  at  remote,  isolated  locations,  especially  in  a  long  and 
heterogeneous  country  like  Chile  (Table  1 ). 

On  the  other  hand,  identifying  and  reaching  out  to  key  enablers 
-  whether  these  are  people  in  key  positions  or  organizations  and 
local  governmental  authorities  -  is  a  vital  task  in  order  to  rally 
people  for  the  cause  of  advancing  the  use  of  NCRE  and  the 
development  and  integration  of  DG  systems  and  technologies.  In 
order  to  integrate  alternative/NCRE  in  places  like  rural  commu¬ 
nities  and  in  small  islands  (Chile  has  a  great  number  of  these  as 
part  of  its  territory),  it  is  necessary  to  engage  leaders  to  work  in 
favor  of  stirring  public  awareness  of  the  issue.  The  case  must  be 
made  for  leadership  to  act  on  the  need  towards  decentralization  of 
electric  power  generation  and  distribution  infrastructure  in  Chile, 
to  unlock  the  gridlock  currently  in  place  which  hinders  and 
prevents  DG  and  decentralized  power  systems  (DPS)  to  flourish. 
It  is  therefore  crucial,  particularly  with  regards  to  HRES  and 
microgrid  projects  [1-162]  through  the  integration  of  NCRE 
employing  smart  microgrid  technologies  [163-172]  reviewed  here, 
to  reach  out  to  influential  and  passionate  leaders  and  institutions 
such  as  research  and  development  funding  organizations  like 
CONICYT3  as  well  as  other  public  and  private  organizations  that 
can  rally  support  and  provide  necessary  funding  for  research  and 
development  in  this  important  field. 

The  paper  is  divided  into  four  sections,  with  Section  1  offering 
some  background  on  the  relevant  subjects,  plus  the  contextual 
motivation  on  the  need  to  advance  DG  and  the  decentralization  of 
electric  power  systems  worldwide  and  taking  Chile  as  a  particular 
example  of  this  pressing  need.  Such  a  need  exists  today  both  at  the 
generation  and  distribution  levels  in  Chile  and  can  certainly  be 
addressed  and  resolved  with  the  right  incentives  and  an  adequate 
regulatory  framework  from  the  government.  It  can  be  realized 
through  the  implementation  of  both  stand-alone  and  grid- 
connected  hybrid  electric  power  systems  (HEPS)  employing  NCRE 
and  conventional  energy  sources  like  microturbines  and  mini 
hydro  in  Chile,  a  country  where  there  are  many  run-of-river 
opportunities  awaiting  to  be  taken  all  through  the  central  and 
south  regions  of  its  territory  for  such  technology.  Likewise,  there 
are  technologies  that  can  aid  and  complement  well  this  trend  in 
the  use  of  smart  microgrid  technologies  for  differentiated  energy 
sources  such  as  smart  metering  and  differentiated  energy  pricing 
[57,67,140]  through  flexible  demand  management  for  example, 
just  like  it  is  done  in  the  residential  home  heating  sector  with 
natural  gas  today  in  many  places.  A  complete  literature  review  on 
the  relevant  issues  is  also  presented  in  this  and  in  the  next  section 
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Table  1 

Centralized,  hierarchical  and  conventional  electric  power  systems  characteristics  versus  decentralized,  flexible  and  more  sustainable  power  systems. 


Electric  power  system  type 

Centralized  power  systems 

Decentralized  power  systems 

Overall  system's 
characteristics  and  traits 

Little  flexibility  and  adaptability  if  any.  Hierarchically  structured, 
robust  configurations  with  a  central  supervisory  control  agent; 
remote  agents  with  limited  capabilities.  System  is  highly  dependent 
on  central  control  and  grid  operator  for  all  decision-making  and  this 
makes  it  slow  and  impractical/less  able  for  systems  fluctuations  and 
natural  disaster-response  preparedness 

There  is  no  central  supervisory  control  agent.  There  are  several 
distributed  generation  (DG)  and  power  distribution  agents 
dispersed,  feeding  a  series  of  diverse  AC  loads  along  multiple  buses. 
Agents  are  organized  in  very  nimble  and  flexible  yet  robust 
configurations,  with  sophisticated  communication  systems.  There 
are  ample  measures  and  means  of  redundancy  in  communication 
and  control  and  they  all  make  decisions  collectively  and 
systemically 

Communication  systems 
configuration  and 
Infrastructure 
characteristics 

Usually  use  client-server  communications  albeit  with  limited 
communication  paths.  Main  reason  behind  this  is  increased  efficiency 
and  focus.  Aim  at  decreased  risk  of  technological  clash  by  providing 
oversight  to  ensure  software  and  hardware  are  both  compatible 
within  the  general  system  architecture 

Having  as  many  communication  paths  as  it  is  necessary.  Network  is 
extended  as  needed,  using  all  technological  means  available, 
securing  robust  yet  agile  and  flexible  communication  systems 
integration.  Compatibility  issues  among  different  units  should  be 
watched  for,  along  with  lack  of  oversight  and  long  term  systems 
planning  coherence.  Compatibility  is  key  factor  to  ensuring  overall 
system's  dependability,  seamless  functionality  and  readiness 
within  the  entire  system.  Customer  choices  are  important 

Control  systems  type  and 
overall  synchronization 
strategy  characteristics 

Hierarchical  central  supervisory  control  system  sets  the  norm  and 
standards,  all  under  one  umbrella;  all  control  actions  are  monitored 
and  are  dependent  on  central  controller  control  is  based  on  serial 
configuration,  highly  inflexible  and  subject  to  single-node  failure 

Multiple  agents  comprise  the  entire  system,  distributed  control 
systems  architecture.  All  agents  act  independently; 
communications  and  control  actions  occur  asynchronously  and  in 
parallel.  Redundancy  through  different  networking  mesh  must  be 
ensured  and  star  type  of  linkage  is  preferred  to  avoid  single-node 
failures.  Aim  is  on  super  fast,  reliable  and  agile  control  actions 

Integration  characteristics 

In  order  to  enter  or  to  exit  the  electric  power  system  infrastructure, 
all  actions  and  standards  to  access  the  system  are  dictated  by  and 
coordinated  with  the  supervisory  controller 

Very  flexible,  seamless,  fast  and  easily  deployable,  flexible 
implementation  and  ready  to  install  and  run  operation  (“plug  & 
play”  configuration)  Overall  integration  strategy  facilitates  that 
various  agents  can  enter  and  leave  the  system  as  needed  or  as 
conditions  allow 

Overall  systems 
sustainability 

System  control  scheme  with  little  sustainability  index.  Usually  it  is 
totally  dependent  on  central  supervisory  control  unit  and  prone  to 
system's  structural  weaknesses 

High  system  dependability;  control  responsibilities  are  highly 
distributed  and  balanced  among  the  different  agents.  Never 
dependent  on  a  single  node  and  thus  not  subjected  to  structural 
weaknesses.  Interaction  among  systems  and  smart,  fast  and  secure 
event  response  management  and  control  are  indispensable 
requirements 

Overall  systems  reliability/ 
dependability 

Good  under  normal,  standard  conditions.  Low  or  no  resilience 
capacity  to  sudden  strong  climatic  perturbations  and  unpredictable 
cascaded  failure  typical  of  those  provoked  by  natural  disasters, 
technical/maintenance  issues,  vandalism  or  by  terrorists  acts.  Low 
reliability  due  to  Single-node  of  failure;  central  supervisor  must  be 
redundant 

High,  decision-making  scheme  is  multi-sourced,  very  reliable  and 
flexible,  and  should  never  be  dependent  on  a  single  node.  Watch 
for  overly  expensive  configuration  schemes  and  excessive 
sophistication  as  it  may  be  a  problem  in  the  medium-to-long-term 
due  to  cost  and  technical  issues 

as  well.  Section  2  presents  the  general  theoretical  framework  support¬ 
ing  the  approach  chosen,  based  on  homeostasis  and  homeostatic 
control  (HC)  and  briefly  reviews  the  concept  of  self-regulating,  self¬ 
organizing,  evolving  complex  adaptive  systems.  Section  3  presents  the 
theoretical  model  and  gives  an  example  of  the  criteria  employed, 
along  with  a  brief  discussion.  A  novel  coordination  and  control 
strategy  for  the  supervisory  control  of  HRES  power  supply  is  proposed 
based  on  such  criteria.  Also  to  illustrate  the  latter,  a  sample  criterion  is 
presented  as  an  example,  aimed  at  managing  the  power  supply  and 
residential  energy  consumption  of  a  small  rural  community,  typical  of 
many  such  communities  in  Chile  and  other  neighboring  countries.  The 
analysis  carried  out  therein  is  intended  to  understand  HRES  for 
electric  power  supply  to  small  and  rural  communities  much  like 
living  organisms  that  are  subject  to  homeostatic  regulation  (HR)  when 
built  in  a  smart  microgrid  arrangement,  operating  grid-connected  but 
without  energy  storage.  Such  HRES  can  veiy  well  operate  in  parallel  to 
the  grid  and  be  a  much  more  economical  alternative  for  consumers, 
supplying  electricity  to  a  group  of  homes  termed  a  sustainable  block. 
Thus  in  the  context  of  the  present  work  it  is  argued  that,  when  it 
comes  to  adaptive  load  management  mechanisms  like  demand 
response  management  to  reach  a  more  effective  energy  supply  and 
demand  equilibrium  in  such  communities,  a  complex  adaptive  system 
(CAS),  systems  thinking  (ST)  and  cybernetics  viewpoint  [212-224] 
may  be  employed.  A  sustainable  block  is,  before  anything  else,  a 
dynamical  socio-technical  system  which  behaves  much  like  a  CAS,  a 


living  system.  As  such,  it  is  capable  of  having  well  defined  character¬ 
istics  and  properties  inherent  to  such  systems  and  therefore,  through 
emergence  and  co-evolution,  it  can  display  self-organizing  and 
adaptative  behavior  capabilities,  thus  behaving  as  intelligent  open 
systems  when  interacting  with  other  higher-order  systems  such  as  the 
utility  grid  and  the  energy  consumers  in  their  homes.  The  three  are 
capable  of  comprising  a  sustainable  hybrid  energy  system  (SHES)  -  a 
meta-system  -  that  can  develop  greater  degrees  of  energy  sustain¬ 
ability  and  autonomy  as  the  technology,  along  with  the  supervisory 
control  strategy  further  develop  and  mature  overtime.  Likewise,  some 
useful  insight  on  its  operation  and  potential  technological  schemes  to 
implement  such  technology  are  shown.  Finally  in  Sections  4  and  5,  a 
recap  of  the  main  theoretical  framework  elements  is  presented  along 
with  the  model  highlights  supporting  the  present  approach,  offering 
concluding  remarks,  plus  a  view  of  what  future  perspectives  that 
research  work  in  the  field  may  bring. 

3.3.  Reviewing  the  relevant  issues  in  distributed  generation  (DC)  and 
hybrid  renewable  energy  systems  (HRES) 

In  regards  to  HRES  implementation  in  particular,  the  cost  of 
photovoltaic  and/or  wind  power  generation  lays  in  the  form  of 
upfront  capital  expenditures,  where  the  average  cost  instead  of 
marginal  cost  is  what  is  relevant;  yet  the  operation  and  main¬ 
tenance  expenses  in  these  systems  are  generally  quite  low  when 
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compared  to  conventional  power  machinery.  Therefore,  the  gen¬ 
erating  cost  via  photovoltaic  or  wind  or  both  is  marginally  more 
than  a  conventional  system  with  respect  to  the  additional  gen¬ 
erating  capacity,  and  depending  on  the  size  and  particular  config¬ 
uration  it  can  run  very  high  in  price  compared  to  diesel  generators 
[1-34],  Nevertheless  it  promises  customer  satisfaction  of  a  clean, 
continuous  and  cheap  electricity  and  heat  supply  if  consumption  is 
kept  within  moderate  ranges.  For  those  consumers  that  wish  to 
use  much  more  energy  on  a  regular  basis  than  those  situated  on 
the  average  monthly  energy  consumption,  they  can  always  get  it 
from  the  grid  albeit  at  a  price  that  in  rural  and  remote  locations 
can  be  much  higher  than  the  already  expensive  price  paid  in  the 
metropolitan  region  of  Chile  as  an  example.  The  paper  “Biblio- 
metric  analysis  of  distributed  generation"  [24]  covers  the  DC  topic 
extensively,  and  defines  it  as  a  generation  source  that  is  connected 
to  the  distribution  system  close  to  the  load.  DG  encompasses  both 
renewable  and  non-renewable  sources  in  whatever  sizing  and 
configuration  chosen.  The  authors  highlight  the  main  directions 
within  the  power  engineering  research  community  in  the  field  of 
DG,  signaling  microgrids  and  smart  grids  as  the  most  prominent 
trend  in  their  review  and  the  need  to  efficiently  integrate  DG  to 
the  grid.  They  point  out  that  such  trend  can  be  seen  as  increasing 
rapidly  after  the  year  2000  [24]  and  especially  in  the  last  seven 
years  with  well  defined  areas  of  development.  Also  revealing  was 
that  for  7  out  of  the  10  topics,  the  inverter-based  interface 
technology  had  the  highest  rate  of  growth,  signaling  that  grid- 
connected  HRES  is  a  priority.  Focusing  on  future  trends  for  design 
and  operation  of  HRES  [24],  considerations  for  a  system  designed 
on  two  modes  are  discussed.  One  is  stand-alone  and  other  is  grid- 
assisted  mode.  In  stand-alone  mode,  it  draws  power  from  the 
wind-solar  hybrid  energy  system.  In  the  grid-assisted  mode,  when 
the  HRES  is  unable  to  feed  the  power,  it  automatically  takes  the 
grid  power.  However  the  discussion  is  centered  on  components 
and  technical  characteristics  considerations  only.  Nothing  is  said  in 
regards  to  how  interconnected  systems  can  coordinate  with  and 
assist  each  other  and  work  together  as  a  collective  to  face  changing 
scenarios  and  varying  degrees  of  complexity,  looking  for  ways  in 
which  they  are  better  able  and  suited  to  regulate  themselves  and 
adapt  to  changing  conditions  as  needed  to  make  the  entire  meta¬ 
system  successful. 

In  “A  current  and  future  state-of-the-art  development  of  hybrid 
energy  system  using  wind  and  PV  solar:  a  review”  [27],  the  authors 
define  a  hybrid  renewable  energy  system  (HRES)  as  one  consisting 
of  two  or  more  energy  sources,  a  power  conditioning  equipment,  a 
controller  and  an  optional  energy  storage  system  [27],  if  the  site's 
norms  and  regulations  allow  such  resource.  Authors  review  the 
current  state  of  the  arte  operation  and  control  requirements  of 
stand-alone  PV  solar-wind  hybrid  energy  systems  with  conven¬ 
tional  backup  source.  Their  review  reveals  that  HRES  are  not  cost 
competitive  against  conventional  fossil  fuel  power  systems,  yet 
there  is  good  perspective  that  such  systems  will  be  introduced 
more  widely  in  the  near  future  in  the  rural  households  of 
developed  and  developing  countries  like  Chile,  that  attach  high 
value  to  a  reliable,  limited  supply  of  clean  electricity  linked  to  low 
carbon  emissions  and  EE  [27],  HRES  are  also  important  as  a  viable 
option  power  supply  for  community  facilities  [27]  both  as  an 
alternative  and  a  complement  to  the  grid  supply.  Hence  commu¬ 
nity  facilities  such  as  rural  hospitals,  schools,  telecommunication 
stations,  distributed  heating  and  water  pumping  units  can  con¬ 
tribute  significantly  to  the  welfare  and  sustainability  of  rural  and 
remote  communities  everywhere,  especially  in  underdeveloped 
and  developing  nations  where  there  is  still  much  to  be  done.  They 
add  further  that  research  and  development  efforts  in  solar,  wind, 
and  other  renewable  energy  technologies  (RETs)  are  required  to 
continue  improving  their  performance,  establishing  techniques  for 
accurately  predicting  their  output  and  reliably  integrating  them 


with  other  conventional  generating  sources  [27],  It  has  also  been 
demonstrated  that  hybrid  energy  systems  can  significantly  reduce 
the  total  lifecycle  cost  of  standalone  power  supplies  in  many 
situations,  while  at  the  same  time,  providing  a  more  reliable 
supply  of  electricity  through  the  combination  of  energy  sources 
[27].  The  controller  and  power  conditioning  units  are  used  to 
maintain  the  grid  quality  power  [27-34].  Park  et  al.  [33]  presented 
the  power  compensation  system  for  controlling  energy  flow 
through  hybrid  energy  system  according  to  load  demand.  Valen- 
ciaga  and  Puleston  [34]  researching  on  supervisory  control  for  a 
stand-alone  HRES  developed  three  modes  of  operation  and  they 
used  sliding  mode  control  methods.  In  the  configuration  proposed 
for  the  conventional  system's  components,  point  out  that  either 
diesel  generators  or  the  utility  grid  may  be  used  as  back-up  power 
supply  [34].  Yet  again,  nothing  is  said  of  systems  interaction,  self¬ 
regulating,  organizing  capacity,  adapting  themselves  as  a  collective 
and  working  together  in  coordinated  manner,  assisting  themselves 
to  be  more  operationally  efficient  and  effective  including  the 
customers  in  their  homes  in  the  sustainable  block  in  order  to 
achieve  their  goal.  There  is  also  found  in  the  literature  a  poor 
treatment  of  the  communication  among  the  systems  and  sub¬ 
systems  comprising  a  smart  microgrid  in  which  HRES  operate,  and 
what  can  be  achieved  by  this,  limiting  barely  to  the  treatment  of 
technical  aspects  of  communication  systems  and  control  links 
present  in  the  HRES.  Another  interesting  paper  reviewed  is  “A 
methodology  for  community  engagement  in  the  introduction  of 
renewable  based  smart  microgrid”  [35],  where  Rodrigo  Palma  and 
his  group  devised  a  methodology  for  the  technology  appraisal  of 
local  scale  introduction  of  new  technologies  based  on  smart 
microgrids  and  RES.  A  methodology  of  community  intervention 
for  the  introduction  of  a  smart  microgrid  system  in  a  rural 
community  is  proposed  to  adequately  manage  the  introduction 
of  new  energy  technologies  in  a  rural  setting  and  the  challenges 
that  this  may  pose,  since  it  generates  changes  in  patterns  of  energy 
consumption  and  habits  that  affect  the  demand  of  the  system 
[34,35],  Smart  microgrids  have  the  advantage  of  being  more 
resilient  than  conventional  approaches  to  renewable  energy,  as 
they  can  adapt  to  changes  in  the  demand  and  through  time.  The 
proposed  methodology  is  based  on  the  concept  of  a  community  as 
a  socio-ecological  system  approach  affected  by  a  technological 
intervention,  aimed  to  move  towards  a  stage  of  more  sustainable 
use  of  renewable  resources  [1-162]. 

The  paper  “Distributed  energy  resources  and  benefits  to  the  environ¬ 
ment"  [36]  gives  a  detailed  overview  of  distributed  energy  technolo¬ 
gies  (DET)  in  use  today  while  discussing  the  devastating  impacts  of  the 
conventional  power  plants  feeding  on  fossil  fuels  to  our  environment. 
The  paper  finds  that  such  DET  generation  that  feed  on  RES  would  not 
only  help  meet  the  growing  energy  demand  -  especially  in  developing 
countries  like  Chile  which  faces  a  complicated  outlook  in  the  years 
ahead  -  but  also  preserve  the  environment  from  the  devastating 
effects  of  fossil  fuels  in  our  air  and  climate  [37,38].  Authors  point  out 
that  HRES  of  various  capacities  and  configurations  have  been  utilized 
in  developing  countries  where  the  rapid  growth  of  load  demand 
undermines  grid  reliability  and  the  farther  the  distance,  the  more 
expensive  the  electricity  gets  [34,35],  Chile  is  a  good  example  of  this, 
especially  in  some  fast-growing  rural  areas  of  the  country  where 
climate  is  very  important  for  the  local  economy.  In  this  regard,  the 
studies  in  [27-36]  justify  the  premise  that  DG  technologies  could 
substantially  reduce  impact  of  fossil  fuels  on  climate  change.  An 
interesting  figure  is  shown  with  historical  and  projected  world  energy 
demand  by  fuels.  The  paper  “Optimised  model  for  community-based 
hybrid  energy  system"  [38]  ascertains  that  HRES  are  an  excellent 
solution  for  electrification  in  remote/rural  areas  where  the  grid 
extension  is  difficult  and  uneconomical.  Such  systems  incorporate  a 
combination  of  one  or  several  RES  and  may  have  conventional  diesel 
generators  or  the  local  grid  for  backup.  This  paper  discusses  different 
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system  components  of  hybrid  energy  system  and  develops  a  general 
model  to  find  an  optimal  combination  of  energy  components  for  a 
typical  rural  community  minimizing  the  life  cycle  cost.  A  general 
optimization  model  for  finding  an  optimal  combination  of 
community-based  HRES  is  developed  for  the  Indian  DG  context.  This 
compatible  model  is  applicable  to  renewable  power  generation  in  any 
rural  village  [38]. 

In  “Distributed  multi-generation:  a  comprehensive  view"  [39]  authors 
ascertain  that  DG  has  emerged  as  a  key  option  for  promoting  EE  and 
thriftiness  in  the  use  of  RES-based  microgrids,  as  an  alternative  to 
traditional  power  generation.  The  distributed  multi-generation  (DMG) 
systems  concept  entails  the  application  of  various  small-scale  local 
multi-generation  solutions  providing  the  user  with  enhanced  energy 
and  environmental  performance,  higher  quality  of  energy  services 
and,  in  terms  of  the  economic  optimization  of  systems  operations,  the 
possibility  of  flexibly  running  the  plant  according  to  the  variable  prices 
of  gas,  electricity  and  of  other  energy-related  commodities  [39,40-51  ]. 
The  DGM  concept  is  analyzed  offering  insight  on  approaches  to  energy 
planning  currently  available,  with  DMG  framework  and  characteristics 
being  reviewed  along  with  a  summary  of  the  relevant  DMG  structures. 
Interestingly  authors  predict  that  the  trend  towards  distributed  micro¬ 
generation  systems  could  be  significant  in  terms  of  increasing  the  local 
energy  source  availability,  reducing  both  the  energy  dependency  and 
the  vulnerability  of  the  electrical  power  system  from  the  effects  of  grid 
congestions,  reducing  service  interruptions,  blackouts,  vandalism  or 
natural  events.  Another  threat  to  consider  here  is  the  danger  that 
external  attacks  on  the  power  infrastructure  present,  which  can  be 
perpetrated  by  anarchist  groups  and  violent  activists  out  on  the  streets 
who  take  it  on  the  public  infrastructure  such  as  the  grid  aiming  their 
rage  towards  collective  disruptions  and  chaos.  Unfortunately  such  a 
threat  is  prevalent,  quite  active  and  menacing  today  in  Chile  on  certain 
dates  of  the  year  and  upon  reacting  to  social  demands  that  are  beyond 
the  countiy's  means  or  simply  do  not  agree  with  the  public  policies 
and  current  legislation  on  certain  “high  pitch”  issues  like  the  students 
plea  for  free  education  at  all  levels,  which  have  high  visibility.  Hence 
building  more  adaptive,  self-healing  and  flexible  DG  energy  systems 
will  no  doubt  help  not  only  in  supplying  higher  quality,  more  flexible 
and  versatile  energy  to  consumers  everywhere,  especially  where  there 
is  already  a  power  distribution  grid.  It  will  also  bring  better  grid 
operation  reliability  and  dependability  and  with  it,  a  decrease  in  power 
system  vulnerability.  This  holds  true  especially  for  Chile,  a  country 
with  frequent  quakes  and  sometimes  unpredictable  weather  condi¬ 
tions,  which  in  addition  to  the  other  threats  already  mentioned,  can 


undermine  the  current  power  infrastructure  which  is  unfortunately  all 
above  ground  making  it  extremely  vulnerable  [208-211]  (Fig.  2). 

Above  a  simple  feedback  model  is  shown  depicting  the  main 
agents  involved  in  the  problem  of  reconciling  power  supply  and 
energy  demand  response  management  in  a  renewable  grid- 
connected  microgrid  without  energy  storage  devices.  The  diagram 
shows  systems  relations  and  their  interconnecting  structure, 
allowing  us  to  enhance  systemic  analysis  of  the  meta-system  as 
a  whole.  The  underlying  structure  hopefully  helps  to  understand 
better  the  systemic  view  behind  the  proposed  control  and  coordi¬ 
nation  strategy  for  such  systems.  The  strategy  proposed  seeks  to 
influence,  motivate  and  condition  consumer  behavior  towards 
more  efficient,  thrifty  energy  consumption  patterns,  in  line  with 
an  efficient  power  supply  by  the  Microgrid  with  respect  to  the  grid 
supply.  This  in  an  effort  to  bring  electric  power  consumption 
ranges  to  desired  levels  within  every  home  of  the  sustainable 
block,  thus  allowing  a  collective  benefits  in  spite  of  differentiated 
levels  of  energy  consumption  among  consumers,  as  it  is  natural 
that  not  everyone  consumes  the  same  and  at  the  same  time.  In 
general  when  it  comes  to  managing  energy  production  and  supply, 
as  well  as  energy  demand  and  consumption  towards  a  sustainable, 
efficient  equilibrium  between  the  two  -  particularly  with  regard  to 
HMS  like  the  smart  microgrid  concept  analyzed  -  it  is  helpful  to 
employ  a  ST  and  cybernetics  [212-224]  approach  to  the  subject, 
looking  at  these  interconnected/coupled  systems  as  complex 
adaptive  systems  (CAS)  [226-230]. 

1.4.  Why  are  important  communication  systems  and  data-sensing 
devices  for  energy  supply  and  consumption  in  the  coordination  and 
control  of  SHES? 

The  distinctive  feature  of  an  appropriately  designed  grid  con¬ 
trol  is  that  it  admits  local  and  changing  communication  networks, 
is  robust  with  respect  to  intermittency  and  latency  of  its  feedback, 
and  also  tolerates  connection  and  disconnection  of  network 
components  such  as  the  “plug-and-play"  elements  which  comprise 
the  modern  microgrid  reviewed  in  the  literature.  In  “A  study  for 
optimizing  the  management  strategies  of  a  hybrid  photovoltaic-diesel 
power  generation  system"  [48],  the  paper  stresses  the  need  for 
suitable  control  of  interaction  among  different  devices  in  opera¬ 
tion  and  the  grid.  The  optimal  management  of  a  power  system 
consisting  of  generators  fed  by  alternative  energy  sources  lies  in 
maximizing  the  resource  availability,  which  is  precisely  the  aim 


Fig.  2.  The  role  of  thriftiness,  energy  efficiency  (EE)  and  the  efficient  equilibrium  (homeostasis)  between  energy  supply  and  demand  in  grid-tie  hybrid  renewable  energy 
systems  (HRES). 
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behind  flexible  demand  of  energy  and  demand  response  manage¬ 
ment.  It  is  also  at  the  heart  of  the  SHES  concept  being  proposed  in 
the  present  paper.  Yet  we  would  add  to  this  that  just  as  important 
as  maximizing  renewable  resources  availability  and  overall  sys¬ 
tems  capacity,  as  well  as  component  integration  and  compatibility, 
it  is  also  important  to  analyze  how  the  systems  and  sub-systems 
can  communicate  with  each  other  and  how  they  can  share 
information  in  real  time,  thus  working  collectively  and  fluidly  as 
a  smart  meta-system,  capable  of  coordinating  and  assisting  one 
another  in  a  harmonious  manner  to  reach  better  results  as  a  whole 
-  a  meta-system  -  rather  than  as  individual  systems  acting 
separately.  In  the  paper  “Active  and  reactive  power  control  and 
quality  management  in  DG-grid  interfaced  systems"  [49],  the 
authors  state  that  the  main  objective  of  a  DG  system  connected 
with  the  utility  grid  is  to  control  the  power  that  the  inverter 
injects  into  the  grid.  According  to  the  grid  demand,  the  controller 
also  injects  the  reactive  power  as  needed.  DG  encompasses  a  wide 
range  of  so-called  prime  movers  [49]  such  as  internal  combustion 
(1C)  engines,  gas  turbines,  microturbines,  photovoltaic  (PV),  fuel 
cells  and  wind-power  [49].  These  distributed  generators  are 
characterized  by  a  low  nominal  power  rating  (less  than  1  MW). 
The  integrated  DG  along  with  grid  system  can  solve  many  typical 
problems  of  conventional  AC  network  such  as  energy  security; 
reduce  transmission  and  high  voltage  equipment  cost,  etc.  How¬ 
ever,  small  DG  systems  employing  RES  have  sometimes  significant 
problems  maintaining  frequency  and  voltage  stability,  both  of 
which  can  vary  substantially  when  the  HRES  is  operated  in 
stand-alone  mode.  Therefore,  according  to  the  authors,  a  small 
DG  system  should  be  interconnected  with  the  power  distribution 
grid  in  order  to  maintain  the  frequency  and  the  voltage  [49] 
stability.  Also  DG-grid  interfaced  systems  with  power  electronics 
help  improve  the  power  quality  problems  at  point  of  common 
coupling  (PCC)4  [49].  Along  the  same  line,  the  paper  “An  integrated 
hybrid  power  system  based  on  renewable  energy  sources  with  electric 
wind  MPFT”  [50]  presents  the  integration  of  various  renewable 
sources  (wind  and  solar)  with  their  characteristic  stochastic 
behavior  in  a  HRES.  The  goal  is  to  analyze  the  improvement  of 
power  quality  and  economic  value  of  stochastic  renewable 
sources.  Within  this  work  context,  the  renewable  sources  have 
continuous  maximum  power  extraction  and  the  two  level  power 
management  employed  is  based  on  energy  storage  and  loading 
trough  a  grid-connected  inverter  [50].  When  it  comes  to  DG  and 
the  issues  related  to  grid  integration,  papers  by  Pepermans  et  al. 
[51]  and  Coster  et  al.  [52]  analyze  the  subject  in  depth,  warning 
that  DG  units  are  most  likely  to  affect  the  system  frequency  and 
voltage  as  they  are  often  not  equipped  with  a  load-frequency 
control.  Thus  Ackermann  et  al.  [53]  and  other  authors  argue  that 
DG  systems  will  practically  “free  ride”  on  the  efforts  of  the  electric 
power  transmission  network  and  adapt  to  the  local  electric 
distribution  grid's  frequency  through  the  inverter  [1-8,46-67, 
93-108].  Since  the  grid  is  the  robust,  stable,  higher-order  system 
which  lends  its  organization,  structure  and  control  scheme  to  the 
lower-order  DG  system,  essentially  incorporating  distributed  gen¬ 
erators  like  the  HRES  to  its  operation  and  control  platform. 
Therefore,  especial  care  should  be  taken  when  connecting  a  large 
number  of  DG  units  to  the  grid,  carefully  evaluating  the  systems 
components  and  their  integration  to  the  grid.  Also  a  caveat  is 
mentioned  regarding  voltage  stability,  where  especially  rising 
voltage  levels  are  observed  in  radial  distribution  systems  consti¬ 
tuting  one  of  the  main  technical  connection  issues  of  DG  systems. 
This  however  may  not  be  a  problem  in  systems  facing  low  voltage 


4  Note:  IEEE  519  “Standard  Practices  and  Requirements  for  Harmonic  Control  in 
Electrical  Power  Systems,”  defined  PCC  as  “the  interface  between  sources  and  loads 
on  an  electrical  system”. 


difficulties.  In  such  case  DG  penetration  can  have  a  healing  effect 
on  the  system  voltage  profile,  but  in  a  microgrid  where  there  are 
usually  weak  loads  there  might  be  an  unwanted  voltage  increase 
in  the  system  [51,52],  Again,  another  reason  to  explore  new  ways 
of  applying  supervisory  control  strategies  such  as  those  proposed 
in  the  current  paper  to  aid  in  the  management  and  resolution  of 
such  problems  with  flexible  energy  demand  via  the  right 
incentives. 

Also  relevant  is  the  paper  “Grid-connected  photovoltaic  power 
systems  technical  and  potential  problems— a  review"  [54]  explains 
that  the  increase  in  demand  variability  created  by  intermittent  RES 
such  as  photovoltaic  (PV)  and  wind  presents  new  challenges  to 
hybrid  electric  power  systems  flexibility  and  adaptability,  particu¬ 
larly  with  respect  to  energy  demand  response  management  [54]. 
This  paper  aims  to  investigate  and  emphasize  the  importance  of 
the  grid-connected  PV  system  regarding  the  intermittent  nature  of 
renewable  generation,  and  the  characterization  of  PV  generation 
with  regard  to  grid  code  compliance.  Authors  address  the  effect  of 
high  PV  penetration  levels  and  islanding  prevention  methods  of 
grid-tie  PV  microgrids.  To  meet  technical  requirements  in  this 
case,  the  DG  units  in  the  microgrid  must  have  protection,  control 
and  communication  components  to  have  a  safe  operation,  yet  no 
customer  interface  or  interaction  with  the  HRES  is  mentioned 
other  than  adding  that  in  order  to  have  flexible  planning  and 
operation  of  distribution  system,  new  methods  are  required  and 
an  intelligent  system  controller  must  be  used  for  control  and 
operation  of  the  DG  system.  This  is  especially  true  as  already 
discussed  when  the  microgrid  consists  of  several  DG  units  operat¬ 
ing  in  parallel  [54]. 

On  a  different  arena  altogether  although  a  quite  interesting 
one,  Agiiero  et  al.  in  “Energy  management  based  on  productive¬ 
ness  concept”  [55]  introduce  the  productiveness  concept  in  order  to 
manage  local  energy  resources  through  smart  loads.  According  to 
this  concept  a  unit  of  energy  (kW  h)  is  100%  productive  when 
applied  to  maintain  the  conditions  defined  in  settings  and  timing 
established  for  the  user  [55].  Hence  the  final  user  is  willing  to  pay 
a  price  per  each  kW  h  consumed  in  order  to  maintain  the  desired 
comfort  conditions.  The  assumption  that  electricity  demand  is 
almost  completely  inelastic  is  changing  as  a  result  of  deregulated 
wholesale  markets  [55],  Productiveness  as  defined  in  this  paper  is 
a  means  of  meeting  two  objectives:  cost  and  quality  for  a  group  of 
loads  with  renewable  penetration  and/or  real-time  prices  [55], 
Authors  point  out  that  the  main  indicator  of  balance  or  equili¬ 
brium  between  energy  production  and  demand  is  the  frequency 
parameter  of  the  load,  therefore  strategies  are  proposed  to  adjust 
the  load  to  its  fluctuations  [55,56-89].  In  light  of  this,  Ning  and 
Hammerstrom  [56]  introduce  the  term  “GridFriendly™”  [56]  loads, 
indicating  that  such  loads  offer  an  increase  in  renewable  resources 
by  contributing  to  the  primary  control  of  the  frequency  of  the 
system  [56].  Such  concept  involves  grid-connected  renewable 
energy  systems  where  adjusted  consumption  of  renewable  ener¬ 
gies  is  imposed  by  the  needs  of  the  grid  but  not  by  the  individual 
users.  Other  authors  [53,56-89]  have  approached  the  problem  of 
domestic  loads  management  differentiating  between  critical  and 
controllable,  where  users  can  optimize  their  consumption  accord¬ 
ing  to  their  needs  and  their  local  renewable  energy  production, 
thanks  to  the  flexibility  of  their  consumption  [53,56-89].  Flex¬ 
ibility  of  demand  may  be  analyzed  and  managed  according  to 
which  part  imposes  the  power  supply  adjustment,  the  grid  or  the 
loads  or  a  share  of  both.  Especial  considerations  regarding  this 
must  be  taken  for  those  electric  power  systems  with  a  large  degree 
of  HRES  penetration  [1-24]  where  maintaining  voltage  and  fre¬ 
quency  stability  without  some  kind  of  power  supply  control 
mechanism  based  on  intelligent  load  management  strategies  can 
be  quite  difficult.  In  addition  to  the  flexible  demand  of  energy 
users  (loads),  incentives  are  needed  to  make  this  feasible, 
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according  to  other  authors  [43,48,56-89],  since  there  are  goals 
sought  by  the  energy  consumers,  especially  residential,  and  the 
electricity  suppliers  such  as  user  comfort,  quality  of  power,  and 
reduction  of  energy  losses  in  the  grid,  or  economic  profit  for  both 
parties  which  are  conflicting  at  times.  When  it  comes  to  adjust¬ 
ment  of  consumption  according  to  the  user's  needs,  e.g.  how  to 
best  manage  the  system  response  to  a  sudden  drop  or  rise  in  load 
frequency  triggered  by  an  event,  the  consumer's  power  needs  to 
be  increased/decreased  according  to  the  portion  of  flexible 
demand.  It  is  necessary  to  establish  a  criterion  to  modulate  the 
consumption  of  several  loads  and  to  decide  which  and  how  much 
to  increase/decrease  in  power  [55].  In  [54],  it  is  mentioned  that  the 
increase  in  demand  variability.  In  this  regard  several  authors 
reviewed  have  done  important  research  on  grid-connected  PV- 
wind  systems  as  well  as  other  RES  and  conventional  sources  mixed 
together  in  various  configurations  and  sizes  [1-84,86-88]  propos¬ 
ing  a  variety  of  approaches  regarding  the  intermittent  nature  of 
renewable  generation  and  the  compliance  with  grid  standards.  On 
another  note,  residential  households  everywhere  use  single-phase 
grid  connection.  Along  this  line,  the  paper  “Control  strategies  for 
single-phase  grid  integration  of  small-scale  renewable  energy 
sources:  a  review"  [92]  provides  a  good  review  of  the  main 
characteristics  of  control  strategies  for  single-phase  grid  integra¬ 
tion  of  small-scale  renewable  energy  sources  of  the  kind  needed  to 
advance  the  penetration  of  DC  in  developing  countries  like  Chile, 
particularly  in  so  many  rural  areas  of  the  country  where  electricity 
is  quite  costly.  Likewise,  Carrasco  et  al.  [94]  present  a  review  on 
power-electronic  systems  used  for  single-phase  grid  integration 
[92,93]  and  synchronization  control  techniques  with  interesting 
findings  and  complementing  views  and  arguments  on  the  subject. 
Both  papers  discuss  the  single-phase  grid  synchronization  issues 
pointing  to  the  single-phase  voltage  source  converter  (VSC)  as  the 
best  solution  for  interfacing  with  a  single-phase  grid,  offering 
several  advantages  such  as  bidirectional  power  flow  capability 
when  there  is  excess  capacity  to  inject  back  to  the  grid,  as  well  as 
offering  low  distortions  at  the  AC  side  current  and  the  DC  side 
voltage  [88-118,120-130].  It  can  independently  control  the  active 
and  reactive  power  exchanged  with  the  AC  grid  so  as  to  improve 
the  voltage  profile,  and  it  is  able  to  operate  in  weak  AC  systems 
common  in  remote  and  rural  locations  where  small  communities 
live  [88-118,120-130], 

The  paper  “Hybrid  solar-wind  system  with  battery  storage 
operating  in  grid-connected  and  stand-alone  mode:  control  and 
energy  management— experimental  investigation"  [95]  presents 
experimental  results  from  operation  of  a  test  bench  for  a  grid- 
connected  HRES.  This  device  includes  wind  and  photovoltaic  (PV) 


physical  emulators,  battery  energy  storage,  load  and  a  controlled 
interconnection  to  the  low  voltage  (LV)  grid,  most  appropriate  for 
residential  electricity  supply.  Both  Wind  and  PV  generation  units 
are  connected  to  the  weak  AC  grid  via  a  single-phase  inverter  with 
a  lead  acid  battery  bank.  Thus  in  the  event  of  a  power  outage  in  the 
grid,  the  system  automatically  disconnects  from  it  and  switches 
the  alternating  current  output  over  to  a  separate  emergency 
output  circuit  with  true  sinusoidal  output  voltage  [96],  Also 
interesting  is  the  paper  “A  review  on  sustainable  design  of  renew¬ 
able  energy  systems”  [96]  presents  the  state-of-the-art  in  renew¬ 
able  energy  systems  design,  specifically  focusing  on  solar-based 
energy  systems,  ground  source-based  systems  and  day-lighting 
systems,  to  gain  optimum  performances  in  sustainable  buildings, 
noting  that  there  is  good  EE  potential  of  such  systems  in  reducing 
resource  consumption.  The  premise  here  is  that  specific  designs 
will  influence  the  user's  energy  consumption  behavior  towards 
higher  EE  and  energy  sustainability.  This  view  is  particularly 
influenced  by  systems  thinking  and  cybernetics  [212-224] 
whereby  organization,  structure  and  technology  choices  are  made 
in  building  sustainable  systems  architectures  which  are  poised  to 
condition  users  as  complex  adaptive  systems  (CAS)  [226-230]  to 
embrace  and  adapt  to  these  new  design  trends  (Fig.  3). 

The  paper  “Economic  assessment  of  a  distributed  energy  system  in  a 
new  residential  area  with  existing  grid  coverage  in  China"  [97]  explains 
that  when  considering  localized  energy  demand  sources  such  as  a 
number  of  homes  divided  in  residential  blocks,  typical  of  rural 
locations  in  Chile,  an  appropriately  designed  DG  system  can  have  a 
number  of  advantages  compared  to  the  more  conventional 
approaches  of  solely  relying  on  connecting  to  the  power  grid  to  meet 
electricity  demand  [98].  For  instance,  the  on-site  production  of 
electricity  can  minimize  energy  losses  linked  to  transmission  and 
distribution  processes.  DG  systems  may  also  reduce  the  need  for  grid 
expansion  and  added  centralized  generation  capacity,  thereby  avoid¬ 
ing  often  difficult  planning  and  construction  processes  associated 
with  large  plants  and  long  distance  transmission.  When  the  distrib¬ 
uted  energy  system  is  connected  to  the  grid  the  system  has  higher 
efficiency  and  better  economics  than  the  more  traditional  approach  of 
relying  entirely  on  grid  connection  for  electricity  needs.  This  indicates 
that  the  complementary  use  of  grid  power  is  indispensable  to 
distributed  energy  systems  [97].  Another  relevant  paper  is  “Distribu¬ 
tion  system  operation  supported  by  contextual  energy  resource  manage¬ 
ment  based  on  intelligent  SCADA"  [32]  explains  that  future  distribution 
systems  will  have  to  deal  with  an  intensive  penetration  of  distributed 
energy  resources  (DER)  ensuring  reliable  and  secure  operation 
according  to  the  smart  grid  paradigm.  SCADA  (Supervisory  Control 
and  Data  Acquisition)  system  [30,32,81,82]  traditionally  used  in  larger 
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Fig.  3.  Energy  homeostasis  regulation  model  through  negative  feedback  for  residential  consumers  without  energy  buffer. 
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and  higher  levels  of  power  systems,  to  transmit  measurements,  status 
information,  and  control  signals  to  and  from  Remote  Terminal  Units 
(RTUs)  must  be  changed  to  play  their  expected  functions  at  the  core 
of  the  concept  of  smart  grid  and  the  grid  of  the  future  [5,8,22-33,36- 
90,93-167]  and  it  is  an  essential  piece  of  infrastructure  for  this 
evolution  towards  smart  microgrids.  Thus  [32]  proposes  a  new 
conceptual  design  of  an  intelligent  SCADA  with  a  decentralized, 
flexible,  and  intelligent  approach,  adaptive  to  what  authors  term 
context  awareness  [32].  The  SCADA  model  presented  supports  the 
energy  resource  management  undertaken  by  a  distribution  network 
operator  (DNO).  Resource  management  considers  all  the  involved 
costs,  power  flows,  and  electricity  prices,  allowing  the  use  of  network 
reconfiguration  and  load  curtailment.  Authors  point  out  also  that  the 
SCADA  systems  of  the  future  ought  to  be  designed  to  support  multi¬ 
level  decentralized  decisions  and  actions  of  consumers  (loads)  and 
diverse  micro-generation  sources.  The  use  of  Internet  and  other 
wireless  networks  is  envisaged  for  demand-side  management,  imple¬ 
menting  residential  load  management  in  the  context  of  smart  homes. 
In  this  paper  a  conceptual  design  of  an  intelligent  SCADA,  with  a  more 
decentralized,  flexible,  and  intelligent  approach,  adaptive  to  the 
context  (context  awareness)  is  used  to  support  energy  resource 
management  in  the  context  of  future  power  distribution  systems 
[27-35].  Likewise  Refs.  [55-89]  focus  on  the  energy  management  of 
small  HEPS,  where  the  adequate  scheduling  of  the  different  energy 
sources  is  a  crucial  problem  for  which  adequate  methodologies  can 
maximize  the  performance  of  the  energy  supply.  Several  innovative 
methodologies  and  techniques  for  DER  management  are  proposed 
[55-89], 

The  paper  “Grid-connected  versus  stand-alone  energy  systems  for 
decentralized  power— a  review  of  literatura"  [98]  points  out  that  the 
implementation  of  decentralized  energy  systems  such  as  renewable 
microgrids  depends  on  the  extent  of  decentralization  the  countiy  or 
region  is  seeking.  At  the  rural  and  remote  level,  where  thousands  of 
small  communities  exist,  decentralization  of  power  systems  is  a  good 
a  viable  option.  In  such  locations  the  DG  system  can  be  managed  by 
local  players  and  energy  is  supplied  to  meet  the  local  needs.  The 
extent  of  decentralization  also  determines  whether  the  system 
operates  in  either  grid-connected  or  stand-alone  mode  [98].  Some 
important  features  of  grid-connected  systems  are  for  example  that 
grid-connected  hybrid  energy  system  is  an  independent  decentra¬ 
lized  power  system  that  is  connected  to  an  electricity  transmission 
and  distribution  system  (utility  grid).  They  are  ideal  for  locations  close 
to  grid.  In  a  grid-connected  power  system  the  grid  acts  like  a  battery 
with  an  unlimited  storage  capacity,  and  takes  care  of  seasonal  load 
variations.  As  a  result  of  which  the  overall  efficiency  of  a  grid- 
connected  system  will  be  better  than  the  efficiency  of  a  stand-alone 
system,  as  there  is  virtually  no  limit  to  the  storage  capacity,  the 
generated  electricity  can  always  be  stored,  and  the  additional 
generated  electricity  need  not  be  wasted  by  means  of  a  dump  load. 
In  addition  to  the  initial  cost  of  the  system  installation,  there  is  also 
the  cost  of  interfacing  with  grid  which  in  developing  countries  like 
Chile,  could  very  well  be  subsidized  by  the  government  as  part  of  its 
energy  decentralization  policy.  Upon  reviewing  the  current  status  of 
GC  and  stand-alone  HRES,  the  authors  point  out  that,  to  the  best  of 
their  knowledge,  thus  far  there  is  perhaps  no  review  presented  on  the 
studies  focusing  on  assessing  the  feasibility  of  grid-connected  and 
stand-alone  energy  systems.  Other  authors  have  also  published 
reviews  on  decentralized  energy  planning  models  and  energy  mod¬ 
els,  respectively,  but  have  not  focused  on  grid-connected  and  on 
stand-alone  systems  without  energy  storage  [98,99-161  ]. 

1.5.  Microgrids 

The  paper  “General  aspects,  hierarchical  controls  and  droop 
methods  in  microgrids:  a  review"  [99]  defines  microgrids  as  small, 
local  distribution  systems  containing  generation  and  load,  the 


operation  of  which  can  be  separated  totally  from  the  main 
distribution  system  (the  utility  grid)  or  connected  to  it  [99]  the 
paper  reviews  the  main  features  of  a  microgrid  and  describes 
the  characteristics  of  the  control  systems  utilized,  providing 
details  of  the  control  tasks  involved  along  with  the  main  types 
of  controls  proposed  in  the  literature  [11,33,39,41-67,79,83,92- 
95,99,101,108,113,133-136],  However,  authors  often  warn  that 
because  of  the  intermittence,  randomness  and  uncertainty  of 
renewable  energy  sources  (RES),  it  is  difficult  to  integrate  renew¬ 
able  energy  sources  directly  into  the  utility  grid.  By  integrating 
distributed  and  renewable  sources,  energy  storage  devices,  a 
variety  of  loads,  data  acquisition  and  supervisory  control  devices, 
microgrids  are  the  interface  between  the  distributed  renewable 
sources  and  the  utility  grid  [1-13,54,92-130].  Hierarchical,  cen¬ 
tralized  control  of  microgrids  is  the  most  utilized  for  load  sharing 
between  DCs,  power  quality,  participation  in  the  energy  market, 
provision  of  ancillary  services,  etc.  Such  objectives  can  be  achieved 
through  a  hierarchical  control  scheme  of  three  levels.  Among  the 
experimental  microgrids  studied,  it  has  been  shown  that  most  of 
the  microgrids  implemented  use  AC  transmission  systems  with 
centralized  controls.  It  has  been  also  seen  that  islanded  microgrids 
play  an  important  role  in  rural  electrification  projects  all  over  the 
world  [1-128,147-172,176-208]  where  the  power  distribution 
network  has  not  yet  arrived.  The  paper  “A  review  on  distributed 
energy  resources  and  MicroGrid"  [41]  ascertains  that  distributed 
energy  resources  (DER)  comprise  several  technologies,  such  as 
diesel  engines,  micro  turbines,  fuel  cells,  photovoltaic,  small  wind 
turbines,  etc.  The  coordinated  operation  and  control  of  DER 
together  with  controllable  and  flexible  loads  and  storage  devices 
are  central  to  the  concept  of  microgrid,  which  can  operate 
connected  to  the  main  distribution  grid,  or  in  an  islanded  mode 
such  as  grid-independent  hybrid  power  generation  systems  [142], 
This  paper  reviews  the  research  and  development  work  done  on 
microgrid  technology,  where  emphasis  on  the  operation  of  the 
microgrid  is  given,  warning  that  application  of  several  individual 
distributed  generators  can  cause  several  problems  in  frequency 
and  voltage  stability.  Authors  explain  that  the  coordinated  opera¬ 
tion  and  control  of  such  DER,  together  with  controllable  loads  and 
storage  devices  are  central  to  the  concept  of  microgrid,  which  can 
operate  connected  to  the  main  distribution  grid,  or  in  an  islanded 
mode  [41],  However,  there  are  instances  where  energy  storage 
devices  are  neither  economically  convenient  nor  desirable,  and 
perhaps  might  not  even  be  permitted  in  certain  locations  due  to 
environmental  restrictions,  like  in  Easter  Island.  This  paper  also 
warns  that  application  of  several  individual  distributed  generators 
can  cause  several  problems.  Therefore,  in  order  to  realize  the 
emerging  potential  of  distributed  generation  (DG)  and  associated 
loads,  the  microgrid  may  be  better  and  more  efficiently  controlled 
by  employing  a  distributed  control  architecture  known  as  multi¬ 
agent  system  (MAS)  [183,184].  Therefore,  in  order  to  realize  the 
emerging  potential  of  DG  and  associated  loads  the  microgrid  may 
be  better  and  more  efficiently  controlled  by  employing  distributed 
control  architecture  such  as  MAS.  MAS  technology  can  solve  a 
number  of  specific  operational  problems.  First  of  all,  small  DER 
units  have  different  owners,  and  several  decisions  should  be  taken 
locally  so  centralized  control  is  difficult.  Furthermore  microgrids 
operate  in  a  liberalized  market;  therefore  the  decisions  of  the 
controller  of  each  unit  concerning  the  market  should  have  a 
certain  degree  of  “intelligence”  [183,184].  In  “Multi-agent  based 
techniques  for  coordinating  the  distribution  of  electricity  in  a  Micro- 
Grid  environment"  [184],  the  authors  state  that  the  rapid  increase 
in  demand  for  electricity  -  especially  in  developing  countries  like 
Chile  -  will  need  to  be  balanced  with  additional  sources  of  power 
supply.  However  the  current  national  grid  in  many  countries  is  not 
capable  of  sustaining  this  rapid  increase  in  projected  demand,  a 
challenge  which  is  very  much  present  in  the  Chilean  national  grid. 


70 


F.F.  Yanine,  E.E.  Sauma  /  Renewable  and  Sustainable  Energy  Reviews  26  (2013)  60-95 


Therefore  authors  point  out  that  a  more  dynamic  and  efficient 
two-way  national  grid  will  be  required  which  incorporates  inter¬ 
mittent  renewable  resources,  micro-generators,  micro-storage 
devices  and  agent  managed  microgrids.  Fred  C.  Schweppe 
researched  ways  in  which  a  dynamic  national  grid  could  be 
implemented.  However  at  the  time,  the  technologies  available 
were  quite  limited  [184].  This  paper  compares  the  current  state-of- 
the-art  techniques  for  solving  some  of  the  problems  Schweppe 
identified,  describes  the  agent  coordination  algorithms  that  are 
used,  and  suggests  some  future  research  opportunities  on  applying 
agent  coordination  algorithms,  that  have  not  previously  been  used, 
to  microgrids  [184]  (Fig.  4). 

The  paper  “Microgrids:  energy  management  by  strategic  deploy¬ 
ment  of  DERs—a  comprehensive  survey"  [130]  reports  on  existing 
research  literatures  in  connection  with  various  energy  manage¬ 
ment  issues  and  the  benefits  of  a  microgrid  arising  from  strategic 
deployment  of  its  DERs  [130,131-141  ].  Survey  on  regulatory  issues 
includes  various  barriers,  incentives,  standards  (IEEE  1547,  UL- 
1741,  etc.),  environmental  issues,  ancillary  services  and  smart 
metering.  Economic  benefits,  like  improvement  of  bus  voltages, 
frequency  and  line  loss  reduction,  deferral  of  upgrade,  waste  heat 
utilization,  reduction  of  customer  interruption  cost  (C1C),  emission 
reduction,  and  fuel  cost  minimization  are  all  discussed  here. 
Another  paper,  “Technological  innovation  systems  for  microgenera¬ 
tion  in  the  UI<  and  Germany— a  functional  analysis”  [131]  examines 
the  deployment  of  micro-generation  in  Germany  and  in  the  UK 
from  a  technological  innovation  systems  (T1S)  perspective.  Based 
on  this,  authors  summarize  supportive  and  obstructive  factors  and 


discuss  the  differences  in  the  respective  national  setting  for  small- 
scale  HRES  and  combined  heat  and  power  (CHP)  technologies.  The 
findings  underline  the  importance  of  legitimating  and  institutio¬ 
nalizing  the  microgrid  concept  and  the  financial  support  needed 
for  this.  Micro-generation  policy  differences  between  Germany 
and  the  UK  are  also  explained,  comparing  the  former  to  the  UK, 
where  micro-generation  enjoys  little  support  [131].  The  paper 
concludes  that  DG  penetration  will  not  be  successful  without  a 
more  focused  and  technology-oriented  innovation  policy  [131], 
one  that  at  least  as  far  as  the  energy  matrix  decentralization  policy 
of  developing  countries  such  as  Chile  are  still  lacking.  On  the  other 
hand,  the  paper  “Microgrids  research:  a  review  of  experimental 
microgrids  and  test  systems"  [132]  presents  a  review  of  existing 
microgrid  test  networks  around  the  world  (North  America,  Europe 
and  Asia)  and  some  significantly  different  microgrid  simulation 
networks  present  in  the  literature,  focusing  on  the  test  systems 
and  available  microgrid  control  options  with  emphasis  on  energy 
storage  devices  deemed  critical  for  the  reliable  operation  of  a 
microgrid.  The  paper  points  out  that  communication  and  control 
strategies  utilized  in  microgrids  play  a  major  role,  allowing  the 
advantage  of  treating  the  microgrid  as  a  controlled  aggregated 
load  within  the  current  power  systems,  especially  with  adaptive 
control  approaches  towards  a  smart  grid  system  [132].  Interest¬ 
ingly,  the  paper  by  Outhred  “The  smart  grid:  getting  the  incentives 
right"  [145]  points  out  that  the  smart  microgrid  employs  innova¬ 
tive  products  and  services  together  with  intelligent  monitoring 
and  control,  communication  and  self-healing  technologies  where 
SCADA  supervisory  control  can  play  a  major  role  in  the  effort  to 


Fig.  4.  Flow  diagram  of  control  logic  with  homeostatic  regulation  (HR)  index  as  a  key  control  feature  for  a  grid-connected  PV-wind  hybrid  micro-generation  system  with 
batteries,  to  supply  electricity  to  a  small  group  of  homes  termed  a  sustainable  block  in  a  rural  or  remote  community. 
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find  equilibrium  between  supply  and  demand  of  electricity  in 
residential  consumers.  A  smart  microgrid  should  employ  innova¬ 
tive  approaches  to  achieve  this.  Caron  et  al.  [146]  also  address  the 
issue  of  incentive-based  energy  consumption  management  and 
focus  on  scheduling  employing  mathematical  algorithms  in  the 
context  of  the  smart  grid.  Indeed,  looking  at  the  near  future  on  this 
subject,  it  is  expected  that  such  systems  will  use  revolutionary 
new  technologies,  products  and  services  such  as  smart  metering  to 
move  towards  a  consumer-oriented  approach  especially  for  resi¬ 
dential  customers  [43-89,92-118,140,141,143,161]. 

Another  interesting  paper  reviewed  is  “The  research  agenda  on 
social  acceptance  of  distributed  generation  in  smart  grids:  renewable  as 
common  pool  resources"  [110]  explains  that  the  rapid  developing 
literature  on  smart  grid  technology  suggests  that  these  will  facilitate 
DG  preferably  from  RES  [110].  However,  authors  warn  that  current 
development  of  smart  microgrids  with  substantial  number  of  DG 
sources  suffers  from  too  much  focus  on  technology  issues,  lacking  on 
other  important  considerations  [110].  Institutional  factors  have  proved 
to  be  the  main  determinants  of  acceptance  in  communities  where 
smart  microgrids  and  the  use  of  RET  in  DG  projects  is  increasingly 
associated  with  a  more  sustainable  type  of  power  supply.  Ongoing 
problems  with  the  deployment  of  renewable  energy  technologies 
(RET)  have  shown  that  implementation  is  largely  determined  by 
broad  social  acceptance  issues  and  the  review  presented  is  a  first 
attempt  to  address  the  social  issues  in  building  smart  electricity 
grids  [110].  According  to  major  trends  in  DG  literature,  adoption  of 
distributed  multi-generation  systems,  DMGS  may  yield  significant 
benefits  in  terms  of  energy  efficiency  [243]  and  reduced  carbon 
emissions,  due  to  the  fact  that  DG  combines  geographically  dispersed 
decentralized  generation  from  preferably  renewable  sources  [110],  a 
scheme  that  would  certainly  prove  highly  beneficial  for  Chile.  Along 
this  path,  Lund  et  al.  in  their  paper  “From  electricity  smart  grids  to 
smart  energy  systems— a  market  operation  based  approach  and  under¬ 
standing"  [5]  warn  us  that  the  challenge  of  integrating  fluctuating 
power  from  RES  in  the  electricity  grid  using  smart  grids  cannot  be 
looked  upon  as  an  isolated  issue  but  one  that  should  be  seen  as 
requiring  various  means  and  presenting  several  challenges  in 
approaching  sustainable  energy  systems  in  general.  Therefore,  elec¬ 
tricity  smart  grids  must  be  coordinated  with  the  utilization  of 
renewable  energy  being  converted  into  other  forms  of  carriers  than 
electricity  including  heat  and  bio-fuels  as  well  as  energy  conservation 
and  efficiency  improvements,  such  as  combined  heat  and  power 
(CHP)  and  improved  energy  management  efficiencies.  Sustainability  in 
DG  systems  is  linked  to  strategies  and  measures  which  aim  towards 
energy  conservation  and  energy  efficiency  improvements.  This  article 
illustrates  why  smart  electric  grids  should  be  seen  as  part  of  an  overall, 
collective  smart  energy  system  and  emphasizes  the  inclusion  of 
flexible  CHP  production  balancing  and  grid  stabilization  [5],  Basalt 
et  al.  in  “A  literature  review  on  integration  of  distributed  energy  resources 
in  the  perspective  of  control,  protection  and  stability  of  microgrid"  [42] 
predict  that  the  concept  of  integration  of  distributed  energy  resources 
(DER)  for  implementation  of  microgrids  will  be  most  significant  in  the 
near  future  [42].  The  latest  research  and  development  in  the  field  of 
microgrid  power  systems  is  presented  in  this  paper,  showing  a  broad 
overview  on  the  worldwide  research  trend  on  microgrid.  The  literature 
review  reveals  that  integration  of  DER,  operation,  control,  power 
quality  issues  and  stability  of  microgrid  system  should  be  explored 
much  further  to  implement  microgrid  successfully  in  real  power 
scenario.  Research  teams  of  CERTS  [169].  have  greatly  contributed  to 
microgrid  research  focusing  on  the  customer  adoption  of  microgrid 
through  a  customer  adoption  modeling  (DER-CAM)  proposed.  Energy 
management  systems  (EMS)  are  found  to  be  an  important  feature  of 
microgrid  operation  and  control  for  maximum  utilization  and  service 
to  consumers  [59,64,141  ]. 

In  “Recent  developments  in  microgrids  and  example  cases  around 
the  world— A  review”  [147],  the  authors  present  a  complete  review 


of  the  microgrid  background  and  concept,  along  with  the  current 
status  of  the  literature,  along  with  ongoing  research  projects,  and 
the  relevant  standards  in  the  subject.  It  also  presents  a  review  of 
the  microgrid  pilot  projects  around  the  world  in  further  detail  and 
discusses  the  potential  avenues  for  further  research.  Depending  on 
the  type  and  depth  of  DER  penetration,  load  characteristics  and 
power  quality  constraints  of  a  microgrid  can  be  significantly  and 
even  conceptually  different  than  those  of  the  conventional  power 
systems  [147].  Likewise  the  required  control  and  operation  stra¬ 
tegies  can  also  change  substantially.  Hence,  a  microgrid  is  a 
dynamic  entity  -  in  essence  a  complex  dynamic  system  capable 
of  adaptation  and  self-organizing  -  and  DG  sources  might  connect 
or  disconnect  while  the  microgrid  is  in  operation  just  as  the 
microgrid  may  disconnect  from  the  grid  or  control  its  energy 
supply  according  to  certain  power  supply  and  energy  demand 
criteria.  When  connected  to  the  grid,  the  frequency  and  voltage 
values  are  dictated  by  the  utility  grid  and  DG  units  are  operated  to 
follow  these  set  values,  thus  riding  on  the  grid's  frequency  and 
phase  angle  values  by  means  of  the  inverter.  The  paper  advises 
that  for  microgrids  to  be  more  rapidly  adopted,  universally 
embraced  and  more  easily  implemented  there  is  a  need  for 
systematic  standardization  in  all  aspects  of  the  field  [  147  ].  It  is 
important  to  make  the  whole  process  as  visible  and  simple  as 
possible  [1-54]  and  to  provide  the  incentives  and  the  technology 
enablers  necessary  to  make  the  system  flexible  and  stable,  very 
reliable  in  its  energy  supply  function  so  consumers  know  exactly 
what  to  expect  and  when  to  expect  it.  Particularly  in  Chile,  with  its 
ambitious  goals  of  integrating  RES  and  technologies  to  the  coun¬ 
try's  electric  power  distribution  networks  by  2020,  micro¬ 
generation  will  need  to  become  more  widespread  and  with  it, 
the  need  to  make  these  energy  systems  more  sustainable  and 
reliable.  For  this  it  is  important  to  device  adequate  and  effective 
strategies  to  operate  such  systems  integrated  to  the  grid  [54,92- 
110].  It  is  here  that  the  concepts  of  energy  efficiency  (EE)  and 
efficient  equilibrium  (homeostasis)  come  into  play  just  as  flex¬ 
ibility  and  stability  must  both  co-exist  in  electric  power  systems 
(EPS)  to  make  them  more  resilient  and  sustainable.  They  must 
be  incorporated  into  the  equation  to  make  these  systems  more 
efficient  and  flexible  both  technically  and  operationally.  If 
the  characteristics  of  electrical  power  systems  are  built-in  with 
the  concepts  of  EE  and  equilibrium  in  mind,  the  chances  of 
making  more  sustainable  electric  power  systems  (EPS)  increases 
substantially. 

But  first  let  us  discuss  these  ideas  more  in  depth.  Unlike  other 
more  conventional  approaches  [111,112],  in  this  paper  the  focus  is 
put  on  the  structure,  organization  and  operation  of  the  HRES  and 
its  interaction  and  evolution  as  a  coupled  system  with  the  grid  and 
the  sustainable  block  to  which  it  supplies  power  in  parallel  with 
the  grid,  but  offering  a  substantial  economic  and  social  benefit  to 
rural  energy  consumers,  who  in  the  case  of  Chile,  pay  a  high  price 
for  their  electricity.  In  order  for  HRES  to  be  sustainable,  living 
systems  -  such  as  the  microgrid  supplying  electricity  to  a  group  of 
homes  -  a  socio-technical  system  in  itself  -  the  systems  involved 
operating  as  a  collective  must  be  efficient  in  their  energy  intake 
and  expenditure.  The  more  thrifty  and  efficient  they  are,  the  more 
likely  the  collective  system  is  to  become  more  sustainable  in  the 
long  run.  However,  for  this  to  occur,  the  concept  of  efficient 
equilibrium  (homeostatic  regulation)  in  living  systems  based  on 
homeostasis  must  be  taken  into  consideration  and  thoroughly 
understood  in  the  context  of  energy  management  of  distributed 
electric  power  systems.  A  dynamic  system  may  reach  equilibrium 
yet  not  be  efficient  and  sustainable,  just  like  a  fat  person  may 
reach  an  equilibrium  condition  in  regards  to  his/her  energy  intake 
and  expenditure,  yet  be  far  from  healthy  and  efficient  with  respect 
to  both.  Likewise  a  complex  dynamic  system,  such  as  a  human 
organization  for  example,  may  also  reach  equilibrium  in  terms  of 
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its  resources  supply  and  output  of  products  and  services  yet  it  may 
be  far  from  efficient  and  successful  operationally  and  financially. 
However,  an  energy  efficient  living  system  such  as  the  meta¬ 
system  proposed  in  this  paper,  comprised  of  the  grid-tie  microgrid 
coupled  to  a  sustainable  block,  must  reach  a  sustainable,  efficient 
equilibrium  by  means  of  homeostatic  regulation  and  control. 
There  is  just  no  way  around  this,  and  it  is  here  where  the  feedback 
loop,  appropriate  communication  and  control  systems  and  devices 
and  the  important  homeostatic  control  (HC)  concept  introduced 
by  Schweppe  [176,177]  come  into  play  in  full  force  (Fig.  5). 

Renewable  energy  technologies  (RET)  can  be  labeled  as  inter¬ 
mittent  since  they  depend  solely  on  RES  and  their  inherent 
variability;  therefore  ideally  they  should  be  operated  at  maximum 
power  output  whenever  possible.  Upon  reviewing  several  papers 
[1-161]  where  authors  discuss  the  perspective  of  renewables  in 
the  making  of  strategies  for  a  sustainable  development,  along  with 
energy  management  in  regards  to  energy  supply  and  demand 
balancing,  a  variety  of  technical  viewpoints  are  found.  Such 
strategies  typically  involve  three  major  technological  challenges: 
energy  savings  on  the  demand  side  or  demand  response  manage¬ 
ment,  efficiency  improvements  in  RET  energy  production,  where 
much  fruitful  work  has  been  done  already  and  continues  to  be 
done;  and  replacement  of  fossil  fuels  by  various  sources  of 
renewable  energy.  This  last  one  in  particular  represents  a  long 
standing  challenge  that  continues  to  be  an  uphill  battle  to  this  day, 
especially  in  developing  countries  like  Chile.  Consequently,  large- 


scale  renewable  energy  implementation  plans  must  include  stra¬ 
tegies  for  integrating  RES  in  a  coherent  manner  designing  appro¬ 
priate  energy  systems  that  may  be  influenced  by  energy  savings 
and  energy  efficiency  [243]  measures.  Denmark  is  a  good  example 
of  this,  where  renewable  energy  systems  have  made  great  strides 
thus  far.  Likewise  when  discussing  flexible  technologies  to 
increase  savings,  EE  measures  and  renewables,  the  problem  of 
integration  becomes  important  and  must  be  taken  into  account  in 
the  design  of  the  strategies  to  be  implemented  therein.  Hence,  the 
main  problem  which  prevents  a  more  widespread  penetration  of 
renewable  energy  technologies  is  the  variability  of  the  primary 
sources  of  renewable  energy,  mainly  sun  irradiance  and  wind, 
with  never  a  steady  output  for  long  periods.  Thus  there  is  the  need 
to  complement  each  other  and  to  add,  whenever  possible,  a  means 
of  energy  storage  or  a  diesel  engine  to  make  the  microgrid  more 
dispatchable  when  it  is  possible  and  convenient  to  do  so.  Several 
strategies  have  been  studied  for  minimizing  the  uncertainty 
effects,  each  one  having  different  trade-offs  between  costs,  envir¬ 
onmental  impact  and  easiness  of  implementation  [97-161].  Like¬ 
wise  there  are  technical  resources  that  can  be  built  into  the  system 
as  enablers  such  as  smart/advanced  metering  systems  [70,85,87, 
146,147,148,195,196],  which  provide  feedback  to  consumers  in  real 
time  as  a  possible  way  to  overcome  intermittence  of  RES  and 
achieving  energy  balance  besides  using  diesel  generators  and  grid 
support.  For  example,  some  solar  water  heating  installations  have 
associated  display  units  showing  water  temperature  and/or  the 
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Fig.  5.  Homeostatic  regulation  mechanisms  in  operation  for  a  grid-connected  hybrid  renewable  energy  system  (Microgrid)  operating  without  energy  storage. 
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amount  of  energy  absorbed  from  the  sun  in  a  given  period.  Again, 
there  are  no  norms  as  yet,  but  such  displays  do  have  a  powerful 
effect  in  raising  awareness  on  saving  gas  or  electricity  and  keeping 
energy  consumption  low  and  thrifty. 

J.6.  Energy  autonomy,  sustainability  and  sustainable  hybrid  energy 
systems  (SHES)  in  the  current  micro-generation  context 

Sustainability  and  sustainable  energy  systems  are  not  the  same, 
yet  often  times  these  two  terms  are  intertwined  and  used  almost 
indistinctively  in  the  literature.  Sustainability  may  not  necessarily 
be  understood  as  the  same  thing  when  dealing  with  sustainable 
hybrid  energy  systems  (SHES).  For  SHES  to  exist,  particularly  in  the 
case  of  those  connected  to  grid,  the  concept  of  built-in  sustain¬ 
ability  in  energy  systems  is  of  paramount  importance  and  must  be 
thoroughly  understood,  along  with  the  effective  management  of 
energy  flow  and  EE  towards  equilibrium  in  energy  supply  and 
consumption  (energy  intake  and  expenditure).  We  look  at  SHES  (a 
grid-tied  microgrid  for  example)  connected  to  a  group  of  con¬ 
sumers  in  a  rural  community  somewhere,  not  as  a  sustainable 
socio-economic  system  but  rather  as  a  dynamically  complex  socio- 
technical  system,  a  dynamical  system  capable  of  self-organizing, 
adapting  and  evolving  towards  a  more  flexible,  resilient  and 
motive-driven  system  [108-130,225-230],  This  is  in  line  with  the 
whole  concept  and  views  on  DER  and  NCRE  explored  in  the 
literature  review.  Indeed  a  system  that  is  comprised  of  people 


(loads),  power  infrastructure  and  technology,  all  integrated  into 
one  single  entity  -  a  smart  meta-system  -  where  consumers  in  the 
sustainable  block,  the  renewable  microgrid  and  the  grid  are 
mutually  dependent  systems,  closely  intertwined  and  constantly 
interacting  and  evolving  as  complex  adaptive  systems  (CAS)  [225- 
230]  in  a  transition  towards  energy  sustainability.  Such  interaction 
of  consumers  in  a  rural  community  -  whether  these  may  be  small 
industrial  or  residential  or  a  mixture  of  both  -  with  the  microgrid 
aims  to  achieve  an  efficient  equilibrium  between  power  supply 
and  demand  -  brought  about  by  the  supervisory  control  strategy 
being  proposed  based  on  homeostatic  control  -  something  which 
is  vital  for  making  this  whole  socio-technical  system  more  efficient 
and  sustainable  over  time  (Fig.  6). 

Another  important  paper  reviewed  is  “Energy  autonomy  in 
sustainable  communities— a  review  of  key  issues"  [152]  presents  a 
state-of-the-art  review  of  the  current  research  relating  to  energy 
autonomy  in  sustainable  communities  and  identifies  a  number  of 
central  issues  which  are  regarded  as  being  of  critical  importance. 
Demand-side  management  (DSM)  is  identified  as  one  particular 
area  in  need  of  further  research  and  development,  along  with  the 
need  for  receptive  social,  political  and  regulatory  environments 
[152].  Likewise  their  study  appears  to  suggest  that  from  both 
financial  and  technical  points  of  view,  grid  connection  is  highly 
beneficial  [32]  as  opposed  to  stand-alone  HEPS.  In  this  regard, 
Kaundinya  et  al.  [98]  identify  a  number  of  disadvantages  to  stand¬ 
alone  systems,  such  as  the  need  to  be  able  to  run  at  low  capacity 


Fig.  6.  Flow  diagram  of  control  logic  with  homeostatic  regulation  (HR)  as  a  key  control  feature  for  a  grid-connected  PV-wind  hybrid  micro-generation  system  without  energy 
storage,  to  supply  electricity  to  a  small  group  of  homes  termed  a  sustainable  block  in  a  rural  or  remote  community. 
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factors,  the  high  cost  and  technical  uncertainty  associated  with 
energy  storage  and  the  possibility  of  having  to  “dump”  excess 
energy  that  cannot  be  stored  [98].  Clearly  in  a  small  rural 
community  which  depends  on  a  HEPS  connected  to  the  mains  it 
would  be  a  waste  and  highly  inefficient  to  dump  excess  electricity 
on  a  dump  load.  There  are  several  other  alternatives  in  which  such 
excess  power  can  be  used  like  heating  water,  heating  or  cooling, 
manufacturing  processes,  water  pump  operation,  water  purifica¬ 
tion  and  desalination  plant,  among  others.  Authors  also  acknowl¬ 
edge  the  long-term  economic  feasibility  of  the  DC  project.  In  this 
regard  it  is  much  more  cost-effective  and  technically/operationally 
convenient  to  have  the  local  grid  as  back-up  instead  of  having  just 
an  energy  storage  system  like  a  battery  bank.  Furthermore,  there 
are  many  locations  -  and  Chile  has  several  of  these  -  where  the 
contamination  factor  is  an  issue  upon  which  the  community  has 
all  their  eyes  fixed.  There  are  various  pollutants  that  can  emanate 
from  a  battery  bank  or  other  similar  chemical  storage  devices  that 
employ  various  metals  and  chemical  compounds  which  may 
degrade,  leak  and  pollute  the  environment.  The  island  of  Chiloe 
and  Easter  Island  are  but  two  examples  of  this  concern.  Other 
means  of  energy  storage  are  much  too  expensive  and  lack 
sufficient  capacity  thus  obliging  to  purchase  a  number  of  these 
with  the  added  financial  burden  for  the  project.  To  this  one  can 
add  the  technical  drawbacks  of  some  energy  storage  devices  with 
respect  to  dispatchability.  The  batteries  are  readily  dispatchable 
yet  several  other  devices  are  not.  They  are  slow  to  respond  to 
sudden  load  increases  or  to  act  upon  low  capacity  of  the  HEPS 
power  supply  at  certain  times  of  day  when  RES  may  vary 
considerably.  All  these  issues  present  inconveniences  and  draw¬ 
backs  which  further  complicate  the  benefit-per-cost  analysis  of 
such  projects  which  ultimately  play  a  decisive  role  in  the  decision 
to  utilize  grid-connected  or  “stand-alone”  energy  systems.  When  it 
comes  to  micro-generation  systems  for  supplying  power  to  small 
communities  anywhere,  energy  demand  and  consumption  beha¬ 
vior  is  particularly  important  when  considering  how  to  attain 
sustainable  energy  systems.  In  energy  sustainability  lies  implicitly 
somehow  the  concept  of  energy  autonomy  and  self-sufficiency. 
The  authors  in  [152]  also  explain  that  non-autonomous  systems 
can  rely  on  external  energy  generation  or  storage;  autonomous 
ones  must  be  capable  of  meeting  energy  demands  without  the 
need  for  external  support.  The  inherent  intermittency  of  most 
forms  of  renewable  energy  adds  another  layer  of  complexity  to 
this  challenge  by  creating  often  frequent  and  potentially  highly 
disruptive  temporal  mismatches  between  supply  and  demand.  By 
taking  greater  control  over  energy  demand,  it  is  possible  to 
improve  the  match  between  energy  demand  and  supply  profiles, 
and  gain  more  control  over  the  system  in  general  [152],  It  is 
important  to  add  that  the  approach  to  energy  autonomy  and 
energy  sustainability  followed  in  the  current  work  in  regards  to 
HEPS  for  small  rural  and  remote  communities  power  supply  -  in 
the  context  and  vision  explored  herein  -  does  not  oppose  grid- 
connection  nor  does  it  see  a  hindrance  in  energy  autonomy  in  its 
use.  Much  to  the  contrary,  it  endorses  it  as  not  only  a  perfectly 
valid  option  and  a  much  more  economically  sound  and  technically 
convenient  one  in  many  respects  than  the  stand-alone  alternative. 
This  is  especially  true  in  developing  countries  like  Chile,  with  a 
long  and  rugged  territory,  the  country  nevertheless  has  a  good 
power  distribution  infrastructure  in  place.  Therefore  in  light  of 
what  has  been  discussed  so  far,  and  considering  the  view  pre¬ 
sented  here  in  this  paper,  the  energy  autonomy  and  sustainability 
issues  embraced  by  the  theoretical  model  and  vision  of  the  current 
work  rest  upon  the  consumers  and  their  energy  consumption 
habits,  not  just  on  the  HEPS  itself  or  on  a  magic  device  that  can 
make  all  decisions  for  them.  It  is  way  they  use  energy  from  the 
system  that  matters  most.  Thus  there  will  be  consumers  who  will 
demand  more  and  perhaps  better  quality  of  electrical  energy  and 


heat  than  others  and  who  are  willing  to  pay  for  this  and  there  will 
be  others  that,  given  the  cost  of  consuming  more  electricity  from 
the  grid  (and/or  more  heat  from  the  CHP  unit),  especially  at  certain 
times  of  day  when  the  electricity  rate  is  higher  due  to  the  peak 
demand  hourly  block  and  will  prefer  to  exercise  thriftiness  and  be 
more  energy  efficient,  consuming  not  more  than  enough  to 
maintain  their  energy  bill  low,  drawing  much  of  the  energy  they 
need  from  the  HEPS  and  only  using  the  grid  in  limited  fashion  at 
times  of  greater  need.  There  is  always  a  trade-off  in  everything  in 
life  as  there  is  never  a  free  lunch.  Therefore  it  appears  that  while 
highly  autonomous,  stand-  alone  type  HEPS  are  a  theoretically 
desirable  goal,  in  practice  and  when  considering  all  restrictions 
and  costs  involved,  they  can  be  an  often  expensive  [98,152]  but 
technically  feasible  solution.  Thus  grid-connected  HEPS  with  some 
degree  of  autonomy  can  bring  a  host  of  socio-economic  benefits  to 
the  community  but  ultimately,  the  highly  context-specific  nature 
of  such  projects  means  that  the  degree  of  autonomy  targeted  is 
likely  to  be  dictated  by  local  factors  [152]  rather  than  by  purely 
technical  ones.  One  area  of  society  where  the  benefits  can  be  seen 
as  being  both  highly  applicable  and  highly  relevant  is  at  the 
community  level  and  at  this  scale  in  particular,  increased  levels 
of  energy  autonomy  can  deliver  a  host  of  social,  financial  and 
environmental  benefits.  Therefore,  the  concept  of  energy  auton¬ 
omy  is  widely  regarded  as  an  effective  tool  towards  sustainable 
development,  with  sustainable  communities  often  highlighted  as 
particularly  relevant  for  applying  its  principles  [152],  Along  a 
similar  line,  the  paper  “On  the  planning  and  analysis  of  integrated 
community  energy  systems:  a  review  and  survey  of  available  tools” 
[91]  discusses  the  “Integrated  Community  Energy  Systems  (ICES)” 
concept,  ICES  are  the  means  by  which  rural  and  remote  commu¬ 
nities  -  like  those  so  common  in  Chile,  upon  which  this  paper  is 
focused  -  can  procure  affordable  hybrid  micro-generation  systems 
with  CHP  and  other  features  which  are  capable  of  delivering 
sustainable  electricity,  heating  and  cooling  to  small  rural  and 
remote  communities.  Such  systems  can  work  as  stand-alone 
systems  or  work  parallel  with  and  connected  to  the  electricity 
distribution  network  as  already  discussed,  and  constitute  a  viable 
and  desirable  alternative  towards  achieving  sustainable  energy 
systems  for  such  communities.  An  overview  on  tools  for  the 
optimization  planning  and  analysis  of  Integrated  Community 
Energy  Systems  (ICES),  addressing  special  concerns  to  the  incor¬ 
poration  of  the  environmental,  economical  and  social  aspects  of 
Sustainability  are  presented  in  Refs.  [90,91].  Likewise  Afgan  and 
Carvalho  in  [156]  “Sustainability  assessment  of  a  hybrid  energy 
system”  discuss  sustainability  assessment  presenting  a  method  to 
evaluate  the  quality  of  the  selected  hybrid  renewable  energy 
systems  (HRES),  explaining  that  in  such  evaluation  only  a  limited 
number  of  options  are  selected  to  demonstrate  the  sustainability 
assessment  method  application  in  the  promotion  of  the  specific 
quality  of  the  hybrid  energy  system.  The  indicators  used  are: 
economic,  environment,  and  social  yet  no  mention  is  made  of 
assessing  more  technical  and  operational  aspects  such  as  efficient 
equilibrium  between  power  supply  and  demand  response  man¬ 
agement  neither  are  strategies  presented  to  advance  towards  more 
sustainable  energy  systems  in  regards  to  reconciling  electricity 
supply  and  consumption  in  the  use  of  HRES.  The  authors  in  [156] 
argue  that  the  sustainability  issue  ranges  from  the  policy  making 
in  the  top  to  the  engineering  practices  in  the  bottom,  with  a  top- 
down  approach  to  the  subject.  However,  their  approach  is 
intended  for  contributing  to  the  development  of  a  bottom-up 
approach  to  energy  sustainability  of  HRES  in  the  European  context 
in  particular. 

Das  and  Balakrishnan  (2012)  in  their  paper  "Sustainable  energy 
future  via  grid  interactive  operation  of  spv  system  at  isolated  Remote 
Island"  [29]  favor  feeding  renewable  electricity  to  the  utility  grid 
through  grid-connected  HRES,  during  time  of  peak  power  demand, 
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arguing  that  sufficient  electrical  loads  can  be  shed  to  prevent 
turning  on  a  coal  or  natural  gas-fired  plant  [29],  This  paper 
analyzes  the  case  of  a  region  of  West  Bengal,  India  where  a 
proposition  is  made  to  find  out  the  possibility  of  grid- 
connectivity  in  a  remote  island  which  is  under  the  rural  electri¬ 
fication  scheme  by  means  of  HRES  under  Jawaharlal  Nehru 
National  Solar  Mission  of  India.  In  these  rural  electrification 
program,  grid  extension  can  be  the  best  option  if  the  grid  is 
reliable,  the  rural  community  rather  big  and  in  proximity  to  the 
grid.  In  many  circumstances,  a  strong  case  for  mini-grids  based  on 
hybrid  systems  can  be  made.  In  Chile  in  particular  this  has  become 
a  concern  due  to  the  high  price  of  electricity  -  the  highest  in  all 
Latin  America  -  and  the  effects  on  quality  of  air  in  urban  and  rural 
regions  of  the  country  with  a  sharp  increase  in  the  number  of 
automobiles  on  the  streets  in  addition  to  the  rise  in  public 
transport  vehicles.  Thus  the  threat  of  disrupting  and  endangering 
living  standards  and  environmental  conditions  which  may 
adversely  affect  the  large  agricultural  sector  present  in  the  central 
and  south  of  Chile,  and  where  the  wine  industry  is  a  major  player 
along  with  eco  tourism.  In  light  of  this  there  is  a  need  that  is  being 
addressed  by  the  government  and  supported  by  the  community  at 
large  to  advance  in  the  integration  of  DG  and  NCRE.  Therefore 
small-scale  decentralized  DG  systems  [1-130]  are  being  envisaged 
as  a  viable  alternative  to  conventional,  grid-only  power  supply  all 
over  the  world.  In  this  regard  HRES  are  becoming  an  alternative  to 
the  centralized  electricity  distribution  networks  scheme,  adding 
more  flexibility  and  aiding  the  advancement  of  sustainable  energy 
systems  in  the  current  electric  power  infrastructure  and  contri¬ 
buting  to  fight  pollution  and  (green  house  gases)  GHG  from  fossil 


fuels.  In  this  context,  the  engineering  of  sustainable  energy 
systems  provides  a  methodological  scientific  framework  to  arrive 
at  realistic  integrated  solutions  to  complex  and  diverse  energy 
problems,  by  adopting  a  holistic,  systems-based  approach,  espe¬ 
cially  at  the  decision  making  and  planning  stages  regarding  design, 
analysis,  configuration,  and  modes  of  operation  [89-93]. 

An  interesting  concept,  similar  to  the  model  being  introduced 
by  the  present  paper,  is  presented  and  discussed  at  length  in  the 
paper  “The  Energy  Box:  Locally  Automated  Optimal  Control  of 
Residential  Electricity  Usage”  [160]  The  “energy  box"  is  a  super¬ 
visory  control  device  incorporated  in  the  HEPS  and  proposed  as  a 
24/7  background  processor,  operating  on  a  local  computer,  much 
in  the  same  way  as  the  Homeostatic  Regulator  being  proposed  in 
the  current  work  for  rural  and  remote  communities,  silently 
managing  one's  home  or  small  business  electrical  energy  usage 
hour-by-hour  and  even  minute-by-minute.  It  operates  best  in  an 
environment  of  demand-sensitive  real-time  pricing,  now  made 
feasible  via  “smart  grid”  technology  [160],  The  energy  box  [160]  is 
an  interesting  concept  and  offers  a  solution  which  is  based  on  a 
“smart”  device  like  other  approaches.  However  in  this  case  it  is 
more  interesting  since  it  allows  consumers  intervention  in  terms 
of  making  energy  demand  more  flexible.  Thus  the  system  supports 
graceful  reductions  in  power  consumption  by  allowing  voluntary 
partial  load  shedding  as  requested  by  the  electric  utility  during 
times  of  extreme  high  demand;  favoring  the  implementation  of 
demand-sensitive  pricing  strategy  that  allows  for  a  more  perso¬ 
nalized  supply  of  electricity,  providing  more  and  better  service 
alternatives  within  the  capacity  constraints  of  the  current  system 
infrastructure  [160-171]  (Fig.  7). 


Fig.  7.  Flow  diagram  of  supervisory  control  logic  for  a  grid-connected  solar  PV-Wind  HRES  without  energy  storage. 
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1.7.  A  view  towards  sustainable  micro-generation  systems 

Often  the  problem  with  HRES  is  that  traditional  approaches  to 
integration  of  NCRE  necessarily  involve  breaking  into  the  local 
environment  of  the  place  in  one  way  or  another,  usually  attempt¬ 
ing  large-size  interventions,  most  of  the  times  power  utility 
oriented,  which  may  cause  much  environmental  and  social 
upheaval  in  the  local  community's  way  of  life.  Such  interventions 
may  threat  the  ecosystems  and  produce  undesirable  consequences 
such  as  acoustic  and  visual  contamination  -  highly  feared  in 
various  locations  of  the  north  and  south  of  Chile  for  example  - 
brought  about  by  big  wind  turbines  (with  the  noise  of  the  turbine 
blades  as  they  spin,  especially  when  they  are  large)  and  large  PV 
panel  arrays  occupying  huge  extensions  of  land.  Such  are  some  of 
the  projects  being  proposed  today  for  the  Atacama  Desert  in  Chile 
for  example  and  there  are  other  proposals  for  the  far  south  as  well. 
In  such  cases  the  site  is  drastically  intervened  with  massive  DC 
installations  literally  invading  the  landscape.  An  example  of  this 
almost  took  place  in  the  island  of  Chiloe,  located  on  the  far  south 
of  Chile,  where  an  entrepreneur  was  legally  stopped  by  the  loud 
clamor  of  the  local  community  and  forbidden  from  carrying  out 
such  an  intervention.  To  this  must  be  added  the  fact  that  Chile  in 
particular  has  several  unique  ecosystems  like  Easter  Island  and  the 
Chiloe  Island,  among  several  others  which  are  both  beautiful 
and  fragile,  thus  protected  by  existing  Chilean  law  and  local 
regulations. 

In  reviewing  several  papers  on  HRES,  particularly  small  PV- 
wind  energy  systems,  as  well  as  microgrids  design  and  manage¬ 
ment  of  a  variety  of  hybrid  micro-generation  systems  (HMS)  and 
distributed  resources  towards  sustainable  energy  systems  [1-171] 
authors  present  different  approaches  within  the  current  state-of- 
the-art  in  microgrids  design  and  configuration  as  well  as  the 
barriers  that  are  being  encountered  for  their  integration  to  the  grid 
in  certain  cases.  They  assert  that  expectations  of  the  microgrid 
performance  are  high,  thus,  issues  related  to  the  microgrid 
standards,  autonomous  operation,  control  strategies,  regulatory 
barriers  as  well  as  its  protection  and  islanding  operation  are  all 
discussed,  along  with  other  relevant  aspects.  However  nothing  is 
said  in  regards  to  possible  means  and  ways  of  turning  microgrids 
into  sustainable  energy  systems.  They  point  out  that  one  of  the 
technical  challenges  that  microgrids  face  lie  in  the  availability  of 
low-cost  technologies  for  a  safe  and  reliable  operation,  again 
emphasizing  the  economic  aspect  as  so  many  others  have  done. 
Likewise,  the  microgrid  ownership  issue  is  also  discussed  and 
regulatory  policies  are  mentioned  as  important  hindering  factors 
in  the  proliferation  of  these  micro-generation  systems.  Another 
important  issue  discussed  in  the  review  on  microgrids  is  the 
design  considerations  needed  to  produce  a  sustainable  energy 
system,  where  authors  often  emphasize  the  need  for  using  a 
combination  of  different  RES  which  has  the  advantage  of  greater 
balance  and  stability,  where  the  wind  is  usually  stronger  in  winter 
and  during  nighttime,  whereas  solar  irradiation  is  much  higher  in 
the  spring  and  summer  seasons  and  during  daylight.  A  balanced 
system  provides  stable  outputs  from  sources  such  as  these  and 
minimizes  the  dependence  of  the  output  upon  seasonal  changes. 
Therefore  it  is  clear  that  the  use  of  different  RES  may  bring  a  more 
economically  feasible,  stable  and  efficient  HMS  given  that  renew¬ 
able  energy  on  a  small  scale  is  still  a  relatively  expensive  option 
compared  to  conventional,  fossil  fuel-based  energy  systems.  How¬ 
ever,  no  precise  or  in-depth  analysis  is  offered  on  how  technical 
and  operational  aspects  of  such  systems  can  contribute  to  making 
them  more  sustainable  with  the  active  participation  of  consumers 
as  central  players.  It  is  also  pointed  out  that  due  to  the  present 
costs  of  implementing  RET  solutions  to  gradually  replace  tradi¬ 
tional  energy  sources  to  meet  the  increasing  energy  demand  - 
large  wind  farms  being  the  exception  yet  a  very  costly  one  -  it  is 


still  not  cost  effective  compared  to  the  use  of  conventional  fossil 
fuel-based  energy  sources  or  where  electric  power  is  supplied  by 
the  electricity  distribution  network.  However,  they  fail  to  notice 
one  important  fact  that  needs  to  be  fully  accounted  for.  Aside  from 
the  fact  that  non-conventional  renewable  energies  (NCRE)  have  a 
strong  environmental  appeal  all  over  the  world,  especially  in 
countries  like  Chile  where  they  are  abundant  and  where  environ¬ 
mental  concerns  are  a  main  issue  of  discussion,  there  is  also  the 
fact  of  dispersed  population  settlements  everywhere.  In  Latin 
America  in  general  and  Chile  in  particular,  there  are  large  numbers 
of  rural  settlements,  mainly  small-size  communities  scattered 
everywhere,  that  must  pay  a  high  price  for  electricity  supplied 
by  the  utility  grid  or  by  other  fossil-fuel  based  energy  sources.  The 
reason  for  this,  aside  from  an  electricity  market  with  a  very  small 
number  of  players  offering  service,  is  the  transport  of  electricity 
and  fuel  over  veiy  large  distances,  which  contributes  significantly 
to  the  problem  of  high  cost  of  electricity.  Therefore,  on  top  of  what 
we  have  discussed  so  far  regarding  energy  and  systems  sustain¬ 
ability,  this  fact  brings  an  additional  argument  in  favor  of  building 
more  sustainable  energy  systems  [89-171  ]  such  as  HMS  employing 
innovative  strategies  that  are  technically  and  operationally  sound 
and  also  feasible.  Finally  a  very  interesting  and  enlightening  paper 
reviewed  is  the  one  by  Ding  and  Buckeridge  titled  “Design 
considerations  for  a  sustainable  hybrid  energy  system’’  [128]  where 
emphasis  is  put  on  cost-benefit  analysis  as  a  factor  that  has  to  be 
incorporated  into  the  design  process  of  HRES.  Authors  add  that  “If 
an  exchange  of  material,  energy  or  information  occurs  between  a 
system  and  its  surrounding  environment,  the  system  is  termed 
open.  By  its  very  nature,  a  hybrid  energy  system  is  open,  too, 
because  the  inputs  include  the  effects  of  the  environment”  [128]. 
“Without  these  inputs  from  the  environment,  the  system  will  not 
function  properly”  [128],  “The  inputs  of  an  open-loop  system  are 
independent  of  its  outputs,  which  are  not  linked  to  its  perfor¬ 
mance.  As  such  the  system  cannot  regulate  itself.  On  the  other 
hand,  in  a  feedback  system  (or  closed-loop  system)  the  outputs 
have  influence  on  the  inputs,  and  feedback  is  generally  used  for 
control.  As  a  result  the  system  can  control  itself  and  is  sustainable.” 
[128].  This  becomes  especially  meaningful  and  true  when  it  comes 
to  enticing  and  influencing  energy  users  to  change  their  consump¬ 
tion  habits  towards  greater  EE  and  energy  sustainability. 

Therefore,  in  light  of  the  literature  reviewed  thus  far,  devising 
strategies  aimed  at  facilitating  greater  energy  autonomy  and 
sustainability  does  not  appear  to  have  been  fully  explored  at 
present,  as  opposed  to  energy  generating  technologies  and  to  a 
lesser  extent,  energy  storage  technologies  which  have  both 
received  much  more  attention  in  terms  of  research  focus  within 
recent  years.  Thus  the  potential  associated  with  demand  response 
management  and  control  via  supervisory  control  systems,  employ¬ 
ing  an  array  of  economic  incentives  based  on  merit  strategies  for 
fostering  and  impelling  greater  EE  and  thriftiness  in  energy 
consumption  is  a  virgin  field  where  there  is  still  much  to  be  done. 
There  is  therefore  a  need  to  investigate  the  ability  of  demand  side 
or  response  management  to  facilitate  and  improve  energy  auton¬ 
omy  in  sustainable  communities  in  greater  detail  and  to  examine 
its  social,  economic  and  environmental  impact  as  well. 


2.  Sustainable  micro-generation  systems  (MGS)  by  means  of 
cybernetics  and  homeostatic  control 

Cybernetics  as  a  concept  was  first  introduced  by  Wiener  [223], 
and  later  in  1959,  Beer  [224]  made  important  contributions  to  the 
field  of  management  cybernetics,  thus  adding  much  perspective 
and  further  insight  onto  the  subject  and  its  possibilities  therein. 
Both  have  greatly  influenced  the  current  paper  right  along  with 
Schweppe  [57,67,176,178,180]  along  with  his  collaborators 
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[177,179,181]  working  on  homeostatic  control  (HC).  HC  is  a  term 
introduced  by  Schweppe  and  his  group  of  collaborators  at  MIT 
back  in  1979  [176-181  ]  and  further  developed  by  them  in  the  early 
1980s.  It  stems  from  the  highly  visionary  work  done  by  them  at  a 
time  when  technology  was  quite  limited.  In  fact  they  were  ahead 
of  their  time,  having  a  true  insight  for  what  was  to  come  in  the 
years  ahead.  HC  is  based  on  the  idea  that  homeostasis  regulation 
and  control  mechanisms  apply  in  electric  power  systems  when 
viewed  as  dynamically  complex  adaptive  system.  Indeed  a  grid- 
connected  hybrid  micro-generation  system  (HMS)  supplying  elec¬ 
tricity  and  heat  to  a  group  of  residential  consumers  in  a  rural 
location  somewhere  may  be  looked  upon  as  a  dynamically  com¬ 
plex  socio-technical  system  -  a  meta-system  if  you  will  -  when  the 
three  interconnected  systems  are  taken  together  and  analyzed  as  a 
systems  coupling  scheme,  comprising  one  adaptive  meta-system  - 
a  system  of  systems.  This  becomes  particularly  true  and  complex 
in  cases  where  micro-generation  power  systems  operate  without 
energy  storage,  connected  to  the  mains  and  supplying  power  to  a 
set  of  residential  customers  as  an  integrated  system  with  the 
current  electric  power  infrastructure,  operating  as  a  complex 
socio-technical  system — a  meta-system  if  analyzed  from  a  sys¬ 
temic  and  cybernetics  viewpoint.  Such  systems,  as  already  pointed 
out,  may  be  treated  as  complex  dynamic  living  systems  which 
continuously  interact  with  their  environment  as  open  systems, 
seeking  to  regulate  and  adapt  their  energy  production  and 
expenditure  as  needed,  just  like  living  organisms  do  when 
influenced  by  homeostasis  regulation  (HR). 


2.1.  Self-regulating,  self-organizing  complex  adaptive  systems  (CAS) 

The  Complex  Adaptive  Systems  (CAS)  model  was  born  of  the 
scientific  study  of  complexity.  According  to  Gleick  [225],  the 
inspiration  for  complexity  science  can  be  traced  to  John  von 
Neumann's  dynamic  weather  system  models  of  the  1950s  at  the 
Institute  for  Advanced  Study  in  Princeton,  New  Jersey.  Complex 
adaptive  systems  are  a  special  case  of  complex  system.  Complex 
because  they  involve  a  high  degree  of  diversity  and  abundance  of 
information,  where  systems  are  made  up  of  multiple  intercon¬ 
nected  and  interrelated  components  or  parts,  sometimes  involving 
well  defined  hierarchical  relations  amongst  these  parts  that  are 
usually  not  evident  to  the  observer,  and  that  as  a  whole,  exhibit 
one  or  more  properties  which  may  conform  some  type  of  behavior 
not  obvious  from  the  properties  of  the  individual  parts.  Complex 
adaptive  systems  (CAS)  are  fluidly  changing  collections  of  distrib¬ 
uted  interacting  components  that  react  to  both  their  environments 
and  to  one  another.  Examples  of  complex  adaptive  systems  include 
the  electric  power  grid,  telecommunications  networks,  the  Inter¬ 
net,  biological  systems,  ecological  systems,  social  groups,  and  even 
human  society  itself.  Many  of  the  multidisciplinary  and  interdisci¬ 
plinary  problems  found  within  these  systems  are  of  such  great 
complexity  that  traditional  modeling  methodologies  are  often 
considered  inadequate.  Complex  systems  are  based  on  relation¬ 
ships,  and  their  properties  of  self-organization,  interconnected¬ 
ness  and  evolution.  Every  energy  consumption  system  within  a 
higher-order  system  is  unique  and  must  be  understood  as  an 
individual  whose  adaptive  capacities  to  become  more  efficient  and 
effective  are  dependent  upon  its  structure  and  its  interaction  with 
the  environment  in  which  there  are  other  systems  some  of  which 
contain  this  individual  one.  Complex  adaptive  systems  and  open 
systems  exchange  energy  with  their  environment,  and  can  change 
and  adapt  based  on  responses  to  the  exchange  with  the  environ¬ 
ment  in  ways  that  go  beyond  cybernetic  systems.  Although  in  the 
field  of  cybernetics  complex  adaptive  systems  are  not  equivalent 
to  living  systems,  they  can  be  thought  as  such  and  can  certainly 
emulate  them  and  operate  under  similar  principles  [225,226], 


2.2.  The  concept  of  homeostatic  control  of  electric  power  systems 

The  concept  of  Homeostatic  Utility  Control  utilizes  the  eco¬ 
nomic  response  to  price  on  the  part  of  suppliers  and  consumers 
combined  with  today's  technology  in  the  fields  of  communication, 
computation  and  supervisory  control  to  develop  an  efficient, 
internally-correcting  control  scheme  based  on  homeostasis  reg¬ 
ulation.  Homeostatic  utility  control,  as  described  by  Schweppe 
et  al.  [178]  and  emphasized  by  Sterling  et  al.  [179]  and  Tabors  et  al. 
[181]  is  “an  overall  concept  which  tries  to  maintain  an  internal 
equilibrium  between  supply  and  demand.”  and  it  seeks  to  do  so  by 
informing  the  customer  of  the  time-varying  prices  of  electricity, 
whereby  the  customer  can  make  his/her  own  decisions  indepen¬ 
dently  as  to  when,  how  and  how  much  to  consume,  as  opposed  to 
having  conditions  being  imposed  to  him/her  as  it  normally 
happens  even  to  this  day  with  small  residential  customers  as  well 
as  with  small  and  medium-size  commercial  customers  especially 
in  Chile,  a  country  where  electric  power  generation  and  distribu¬ 
tion  is  in  the  hands  of  a  few.  According  to  Schweppe  and  his  group 
“It  is  to  the  advantage  of  both  the  customer  and  the  utility  that  the 
electric  power  system  be  planned  and  operated  as  economically  and 
physically  efficiently  as  possible  subject  to  constraints  on  environ¬ 
mental  quality  and  on  system  integrity”  [176,177],  They  basically 
argued  that  it  was  to  the  advantage  of  both  the  customers  and  the 
utilities  that  more  cooperation  and  assistance  between  the  two  were 
allowed  to  exist  [176-181],  and  that  somehow,  a  co-evolution  of 
interests  and  perspectives  of  both  parties  should  emerge,  seeking  to 
conciliate  both  sides  posture  in  benefit  of  the  industry  and  the 
community  as  a  whole.  This  revolutionary  change  for  the  time  meant 
that  an  adequate  regulatory  and  technological  scenario  had  to  be  in 
place  to  support  such  change,  indeed  the  kind  one  hopes  to  see  in 
Chile  some  day.  In  such  scenario  customers  could  communicate  with 
and  be  informed  by  the  power  supplier,  whether  this  may  be  the 
local  utility  grid  or  a  renewable  microgrid  operating  in  parallel  and 
connected  to  the  grid  through  a  bi-directional  inverter.  Such  scenario 
envisaged  by  Schweppe  et  al.  [178]  would  allow  customers  to  have 
more  freedom  on  their  decision  making  as  energy  users  instead  of 
having  “big  brother”  as  they  put  it,  decide  for  them  [176,178].  We 
know  now  of  course  that  this  was  all  to  change,  although  at  a  slower 
pace  than  expected — energy  efficiency(EE)  [243]  being  a  telling 
example  of  this  much  slower-than-expected  change.  Today's  technol¬ 
ogy  no  doubt  allows  this  to  happen  and  should  be  complemented 
with  an  adequate  regulatory  framework  behind  it,  like  the  type  of 
legislation  being  analyzed  and  proposed  today  in  Chile  for  NCRE 
integration  into  the  country's  energy  matrix.  However,  back  in  those 
days  this  approach  was  quite  novel,  remarkable  and  truly  visionary 
and  quite  ahead  of  its  time  (Fig.  8). 

Here  it  is  important  as  explained  earlier,  to  provide  real-time 
information  to  the  user  and  to  the  control  operator,  making  the 
whole  process  as  visible  as  possible  and  allowing  choices  to 
consumers  according  to  the  HRES  capacity  at  any  point  in  time, 
along  with  the  price  of  electricity  supplied  by  the  local  grid. 

Along  this  very  same  line  of  thought,  recently  there  came  a 
paper  by  Ramchurn  et  al.  titled  “Agent-based  homeostatic  control 
for  green  energy  in  the  smart  grid”,  [182]  and  another  titled  by  the 
same  authors  “Agent-based  control  for  decentralised  demand  side 
management  in  the  smart  grid”  [68]  both  which  are  based  much 
on  the  same  principles  and  ideas  initially  put  forward  by 
Schweppe  and  his  group,  but  this  time  focusing  rather  on  the 
smart  microgrid  which  is  injecting  power  to  the  utility  grid,  and 
analyzing  the  issue  of  HC  from  a  customer  demand  response 
management.  In  Ramchurn  et  al.  [182,68],  the  authors  present  a 
new  control  mechanism  to  model  and  control  a  HRES  in  a 
microgrid  configuration  injecting  power  to  the  grid  and  also 
supplying  power  to  a  number  of  individual  homes  each  having  a 
battery  bank  or  similar  energy  storage  device.  According  to  the 
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Fig.  8.  Another  view  of  supervisory  control  logic  for  a  grid-connected  solar  PV-Wind  HRES  without  energy  storage. 


authors  “this  control  mechanism  is  based  on  the  concept  of 
homeostasis  whereby  control  signals  are  sent  to  individual  com¬ 
ponents  of  a  system,  based  on  their  continuous  feedback,  in  order 
to  change  their  state  so  that  the  system  may  reach  a  stable 
equilibrium”  [182].  Their  approach  aimed  to  define  a  new 
carbon-based  pricing  mechanism  for  this  renewable  electric 
power  supplier  which  takes  advantage  of  readily  available  infor¬ 
mation  on  the  internet  that  can  be  accessed  by  consumers  [182]. 
This  information,  in  the  form  of  carbon-intensity  signals,  is  made 
available  to  consumers  in  order  to  provide  real-time  pricing  to 
them,  thus  allowing  them  to  make  decisions  on  whether  to  use 
stored  power  instead  of  the  grid  supply  or  to  switch  to  grid  at  a 
time  when  rates  are  cheaper  and  power  is  being  injected  to  the 
grid  or  is  less  available  in  the  energy  storage  units  [182].  This  is 
supposed  to  incentivize  agents  to  shift  demand  (load  shedding  on 
the  customer  side)  using  the  extra  capacity  built  in  their  storage 
devices  to  times  when  renewable  energy  is  more  available  and 
stable  in  its  supply.  This  is  interesting  as  an  experiment  and  may 
provide  some  insight  into  a  hypothetical  future  for  residential 
settings,  when  residential  energy  storage  devices  could  become 
affordable,  and  someday  perhaps  be  just  like  any  other  home 
appliance,  making  their  way  into  the  homes  and  small  businesses 
and  be  a  practical  means  of  power  supply  at  times  of  need  (e.g.  a 
power  outage  due  to  system  fault  or  a  natural  event)  or  a  better 


option  to  resort  to  when  prices  of  the  utility  grid  power  supply  are 
high.  However  it  is  also  true  that  with  the  price  of  energy  storage 
systems  today  of  the  size  and  characteristics  necessary  for  every 
home  to  have  such  energy  storage  capacity  built  into  their 
electricity  management  system,  as  it  is  proposed  by  these  authors, 
along  with  the  use  of  smart-metering,  it  seems  unviable,  unprac¬ 
tical  and  rather  far-fetched.  Likewise,  a  carbon-based  pricing 
mechanism  as  the  one  being  proposed  is  also  less  feasible  and 
certainly  not  a  priority  in  developing  and  underdeveloped  coun¬ 
tries,  as  well  as  in  most  developed  nations  as  of  today;  and  it  is 
likely  to  never  find  its  way  into  electric  power  distribution 
strategies  and  policies  for  low-density  population  areas,  of  the 
type  so  abundant  and  widespread  in  Latin  America,  especially  in 
small  rural  communities  upon  which  this  work  is  particularly 
focused.  This  will  also  require  that  renewables  be  well  integrated 
in  the  current  electric  power  generation  infrastructure  and  mas¬ 
sively  used  as  a  second  source  of  power  supply  for  grid-connected 
energy  systems  such  as  microgrids,  which  operate  in  tandem  with 
the  main  grid  and  also  inject  power  to  it  in  times  of  surplus. 

A  complex  adaptive  systems  (CAS)  approach  to  grid-connected 
microgrids  aims  to  manage  these  as  a  living  organism  where 
coordination  and  control  mechanisms  act  as  key  enablers  of 
homeostatic  regulation  to  achieve  the  type  of  efficient  equilibrium 
(homeostasis)  between  electric  power  supply  and  energy  demand 
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and  consumption,  just  like  Schweppe  and  his  group  proposed  back 
in  1979.  When  it  comes  to  grid-connected  HRES  operating  at  the 
micro-generation  level,  one  can  expect  diverse  power  consump¬ 
tion  scenarios  where  environmental  and  systems  operation 
change  continuously  and  randomly  for  the  most  part.  Because  of 
this  constant  and  continuous  change,  it  is  necessary  for  the  system 
to  have  adaptive  capabilities  built  into  it  so  that  it  may  no  longer 
be  just  another  complex  system  but  a  smart  complex  adaptive 
system.  A  system  that  is  both  active  and  responsive  to  the 
individual  needs  of  the  different  residential  consumers  and  also 
to  the  local  grid  with  which  it  is  coupled.  Such  HRES  should 
possess  an  intelligent  coordination  and  control  strategy  that  is 
incorporated  in  its  supervisory  control  system  which  would  allow 
the  microgrid  to  sustain  itself  while  supplying  power  and  prevail 
against  such  common  variations  as  those  characteristic  of  chan¬ 
ging  weather  conditions  and  energy  supply  and  demand.  These 
random  and  continuous  changes,  both  in  the  microgrid  itself  and 
in  environmental  conditions  -  most  notably  sudden  climatic 
changes  more  common  now  than  before  -  which  may  affect  the 
capacity  of  the  microgrid  to  generate  and  supply  good,  stable 
quality  electric  power  steadily  to  the  homes  and  eventually  to  the 
main  grid  if  capacity  should  allow  it. 

2.3.  The  homeostatic  index  concept  in  sustainable  hybrid  renewable 
energy  system 

With  respect  to  homeostatic  regulation  (HR)  in  grid-tie  HRES 
operating  without  energy  storage,  given  the  nature  of  the  system 
configuration  where  only  the  grid  operates  as  back-up  and  no 
means  of  energy  storage  are  present,  it  is  important  to  pay 
particular  attention  to  the  concept  of  energy  autonomy  already 
discussed,  which  in  this  case  bears  special  significance.  Given  the 
latter,  it  is  both  pertinent  and  necessary  at  this  point  to  introduce  a 
new  concept  with  regard  to  SHES  and  energy  sustainability.  The 
concept  introduced  here  in  this  paper  is  termed  homeostatic  index 
(H,-).  H,  is  a  measure  of  how  much  electricity  is  being  drawn  by 
each  home  in  the  sustainable  block  from  the  utility  grid.  This  is 
measured  as  a  percentage  of  the  total  electricity  (renewable  plus 
non-renewable)  being  consumed  by  the  home  with  respect  to  the 
average  block's  electricity  consumption.  It  is  basically  a  parameter 
measuring  both  energy  efficiency  (EE)  and  thriftiness  as  a  measure 
of  energy  sustainability  in  residential  consumers.  Therefore  it  is 
also  a  good  measure  of  how  effective  (homeostatic  regulation)  HR 
is  operating  in  the  whole  meta-system  (the  homes  connected  both 
to  the  mains  and  to  the  microgrid)  at  any  point  in  time.  It  is 
important  to  discriminate  between  energy  drawn  from  the  grid 
and  energy  drawn  from  the  HRES  for  the  residential  consumer, 
since  the  concepts  of  energy  sustainability  and  energy  autonomy 
are  both  imbedded  therein,  along  with  the  economic  implications 
that  such  choices  have  for  consumers.  Homeostatic  index  shows 
how  thrifty  and  efficient  each  home  is  and  therefore  it  also 
measures  if  the  supervisory  control  strategy  based  on  power 
supply  and  energy  consumption  equilibrium  criteria  being 
employed  is  working  or  not  and  how  effective  it  is.  This  can  be 
examined  at  any  point  in  time  with  respect  to  the  renewable 
power  supplied  by  the  microgrid  with  respect  to  the  amount  of 
electricity  being  drawn  from  the  grid.  A  value  below  1  and  closer 
to  0.80  is  considered  acceptable  yet  ideally  one  seeks  values  closer 
to  0.60  or  0.50  and  below  as  a  true  indicator  of  a  high  degree  of 
thriftiness  and  EE  for  the  home. 

The  paper  “A  possible  Engineering  and  economic  framework  for 
implementing  demand  side  participation  in  frequency  regulation  at 
value”  [64]  proposes  an  extension  of  today's  Automatic  Generation 
Control  (AGC)  to  enable  the  participation  of  consumers  in  the 
demand  response  management  context  towards  frequency  stabi¬ 
lization  and  regulation,  much  like  the  FAPER  [176-181]  invented 


by  Schweppe  and  his  group  at  MIT.  Schweppe  et  al.  [178] 
introduced  a  device  termed  the  Frequency  Adaptive  Power  Energy 
Rescheduler  (FAPER)  conceived  to  assist  and  perhaps  even  replace 
conventional  turbine-governed  power  systems  and  spinning 
reserve  for  electric  utilities.  Their  paper,  “Homeostatic  utility 
control”,  was  indeed  revolutionary  for  the  time  and  their  approach 
sought  to  achieve  faster,  more  flexible  and  efficient  electricity 
supply-demand  balancing  by  employing  this  “governor-type” 
mechanism  provided  by  the  FAPER  on  certain  types  of  loads  that, 
at  the  time,  used  conventional  metering.  These  could  be  replaced 
according  to  Schweppe  et  al.  [178]  by  a  “Marketing  interface  to 
customer  (MIC)”  model  which,  in  addition  to  measuring  power 
consumption,  multiplies  that  consumption  by  posted  price  and 
records  total  cost  informing  the  customer  in  real  time  how  much 
the  electric  bill  will  be  for  that  particular  power  consumption. 
Thus,  the  customers  retain  the  freedom  to  select  their  consump¬ 
tion  patterns  according  to  their  needs  and  subject  to  different  rates 
per  time-of-day  pricing  [57,67,68,139,176-182].  Especially  in  such 
cases  as  having  many  RET  and  energy  sources  operating  in 
tandem,  the  authors  in  [55-66]  suggest  that  frequency  and  voltage 
stabilization  can  be  achieved  by  beginning  to  rely  on  various 
means  of  automated  frequency  regulation  employing  what  is 
termed  “demand  responsive  loads”.  These  are  essentially  flexible, 
smart  loads  that  employ  a  feedback  (cybernetics)  loop  continu¬ 
ously  feeding  information  back  to  the  parties  which  comprise  the 
meta-system.  Thus  they  are  willing  and  able  to  adapt  their 
necessities  in  terms  of  electricity  and  space  heating  and  cooling 
in  the  community,  changing  their  energy  expenditure  habits  to 
make  the  meta-system  more  sustainable,  basically  turning  it  into  a 
SHES  when  combing  the  conventional  power  supply  of  the  grid  (or 
a  diesel  generation  plant  as  it  is  commonly  seen  in  remote  places) 
with  the  HRES.  They  stress  the  fact  that  as  more  and  more 
intermittent  energy  resources  get  deployed,  particularly  those 
integrated  to  the  grid,  it  becomes  necessary  to  account  for  their 
fluctuations,  in  much  the  same  way  as  the  AGC  accounts  for  load 
fluctuations  at  present  [63,55-66],  They  also  address  the  concept 
of  smart  loads,  and  their  unexplored  potential  so  as  to  harness 
frequency-response  capabilities  of  these  smart  loads  in  the  power 
systems  infrastructure  [55-66].  This  is  necessary  to  balance  supply 
and  demand  as  well  as  to  follow  the  fluctuations  of  diverse 
renewable  energy  resources.  Information  technology  and 
advanced  sensing/metering  infrastructure  makes  realization  of 
demand  response  feasible.  While  the  concept  of  homeostatic 
control  introduced  many  years  ago  is  hard  to  apply  to  hybrid 
energy  systems,  according  to  the  authors,  because  they  have  a  mix 
of  many  diverse  technologies,  particularly  if  their  sizes  vary  signifi¬ 
cantly  [55-80]  it  is  interesting  that  authors  ascertain,  looking 
ahead,  that  with  an  increase  in  DG  and  smart  load  components 
plus  the  need  to  deliver  renewable  generation  across  large 
electrical  and  geographical  distances,  new  models  will  be  needed 
to  better  understand  and  monitor  power  imbalances  both  for  their 
location  and  temporal  variations  [55-80]. 

Renewable/alternative  energy  sources  have  very  different  oper¬ 
ating  characteristics;  it  is,  therefore,  essential  to  have  a  well- 
defined  and  standardized  procedure  for  connecting  them  together 
to  form  a  HRES,  or  more  widely,  a  renewable  microgrid,  tied  to  the 
grid  where  a  local  cluster  of  DG  sources,  and  perhaps  energy 
storage  devices  if  there  are  no  site  restrictions  in  place  like  in 
Easter  Island.  Under  such  scheme  loads  may  be  integrated 
together  like  a  cluster,  such  as  a  residential  block,  and  be  capable 
of  operating  semi-autonomously.  As  part  of  this  scheme,  a  robust 
microgrid  should  have  a  so  called  “plug-and-play”  operation 
capability  (be  easy  to  install  and  connect  to  the  existing  system 
and  ready-to-run  in  little  time),  and  also  be  modular,  flexible  and 
portable,  should  it  be  needed  elsewhere.  Adapted  from  the 
concept  widely  used  in  computer  science  and  technology, 
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"plug-and-play”  operation  here  means  a  device  (a  DG,  an  energy 
storage  system,  or  a  controllable  load)  capable  of  being  added  into 
an  existing  system  (microgrid  connected  to  the  main  utility  grid) 
without  requiring  system  reconfiguration  to  perform  its  designed 
function,  namely,  generating  electricity  and  heat  as  needed, 
providing  energy  storage  capacity  when  appropriate  and  feasible 
in  terms  of  environmental  and  site  regulations,  or  carrying  out 
load  control.  There  are  many  ways  to  integrate  different  NCRE 
power  generation  sources  to  configure  and  install  a  HRES.  The 
methods  can  be  generally  classified  into  three  categories:  DC- 
coupled,  AC-coupled,  and  Hybrid-coupled  [130,131],  The  AC- 
coupled  scheme  can  further  be  classified  into  power  frequency 
AC  (PFAC)-coupled  and  high-frequency  (HFAC)  AC-coupled  sys¬ 
tems  only  used  for  high  frequency  applications  (>400  HZ) 
[130,131].  Thus,  what  is  used  in  modular  small  HRES  for  house¬ 
hold's  applications  is  power  frequency  AC  (Figs.  9  and  10). 

Each  rural  community  has  its  own  characteristics  motivations, 
and  incentives.  Therefore  the  particular  criterion  designed  to  be 
implemented  in  the  supervisory  control  system  of  the  grid-tie 
micro-generation  system  operating  without  energy  storage  has  to 
be  tailored  to  the  community's  needs  and  aspirations.  This 
specificity  and  individuality  considerations  must  not  be  ignored 
as  they  are  at  the  heart  of  the  new  approach  to  sustainable  hybrid 
energy  systems  (SHES).  The  approach  is  linked  to  energy  efficiency 
(EE)  and  thriftiness  as  drivers  and  enablers  of  such  a  strategy  to  be 
introduced  in  the  community,  but  much  more  complex  and 
difficult  than  managing  the  energy  generation  and  supply  from 
the  microgrid  and  its  complementary  and  alternative  role  with  the 
grid  power  supply  is  the  management  of  peoples  energy  needs 
and  the  management  and  control  of  adjustment/adaptation  of 


energy  consumption  patterns  in  rural  communities  to  use  these  SHES 
more  effectively  and  efficiently,  especially  due  to  their  variability.  It  is 
also  worth  mentioning  that  the  analysis  done  here,  in  terms  of  HC 
strategy  to  manage  renewable  power  supply  from  the  SHES  operating 
in  tandem  with  the  grid,  totally  ignores  transmission  constraints  and 
emissions  implications,  which  may  be  an  important  assumption 
made,  as  shown  in  several  articles  [235-242]. 

2.4.  Microgrids  as  sustainable  hybrid  energy  systems  (SHES) 

Various  aspects  and  technologies  for  microgrid  control  strate¬ 
gies  were  reviewed  [1-89,90-118,120-171].  A  very  detailed  and 
thorough  analysis  is  done  in  “A  review  of  hybrid  renewable/alter¬ 
native  energy  systems  for  electric  power  generation:  configurations, 
control,  and  applications”  [108],  where  the  authors  present  a 
review  of  hybrid  renewable/alternative  energy  systems  focusing 
on  energy  sustainability.  It  highlights  some  important  issues  and 
challenges  in  the  design  and  energy  management  of  such  systems, 
emphasizing  that  outputs  from  various  generation  sources  of  a 
hybrid  energy  system  need  to  be  coordinated  and  controlled  to 
realize  their  full  benefits.  Different  coupling  schemes  find  their 
own  appropriate  applications  as  well,  depending  on  the  mix  of 
sources  and  loads  being  present.  If  major  generation  sources  of  a 
hybrid  system  generate  DC  power  like  photovoltaic  (PV)  panels, 
and  there  are  also  substantial  amounts  of  DC  loads,  then  a  DC- 
coupled  system  may  be  a  more  convenient  choice.  On  the  other 
hand,  if  the  main  power  sources  generate  AC  (with  reasonable 
power  quality  for  the  utility  grid  and  the  connected  loads),  then  an 
AC-coupled  system  is  the  way  to  go.  If  the  major  power  sources  of 
a  hybrid  system  generate  a  mixture  of  AC  and  DC  power,  then  a 


Fig.  9.  A  portion  of  a  generic  algorithm  devised  to  efficiently  control  the  renewable  electricity  to  be  supplied  to  residential  consumers  in  a  rural  or  remote  community. 


F.F.  Yanine,  E.E.  Sauma  /  Renewable  and  Sustainable  Energy  Reviews  26  (2013)  60-95 


81 


Fig.  10.  A  Homeostatic  control  approach  can  employ  a  number  of  criteria  devised  specifically  for  different  communities  in  very  different  locations. 


hybrid-coupled  integration  scheme  may  be  considered.  Both  DC- 
coupled  and  AC-coupled  systems'  configuration  are  explained 
thoroughly,  along  with  advantages  and  disadvantages  or  each. 
The  system  can  supply  power  to  the  ac  loads  (50  or  60  Hz),  or  be 
interfaced  to  a  utility  grid  through  an  inverter,  which  can  be 
designed  and  controlled  to  allow  bidirectional  power  flow  in  cases 
where  there  is  surplus  capacity  on  the  HRES  to  inject  power  to  the 
mains.  The  DC-coupling  scheme  is  simple  and  no  synchronization 
is  needed  to  integrate  the  different  energy  sources,  but  it  also  has 
its  own  drawbacks.  For  instance,  if  the  system  inverter  is  out-of- 
service,  then  the  whole  system  will  not  be  able  to  supply  AC 
power.  To  avoid  this  situation  a  solution  is  proposed,  connecting 
several  inverters  with  lower  power  rating  in  parallel,  in  which  case 
synchronization  of  the  output  voltage  of  the  different  inverters,  or 
synchronization  with  the  utility  grid  if  the  system  is  grid-con¬ 
nected,  is  needed.  A  proper  power  sharing  control  scheme  is  also 
required  to  achieve  a  desired  load  distribution  among  the  different 
inverters  [108].  AC-coupled  systems  can  be  divided  into  two 
subcategories:  Power  Frequency  AC-coupled  and  High  Frequency 
AC-coupled  systems,  used  mainly  in  telecommunication  systems. 
Thus  the  different  energy  sources  are  integrated  through  their  own 
power  electronic  interfacing  circuits  to  a  power  frequency  AC  bus. 
Coupling  inductors  may  also  be  necessary  between  the  power 
electronic  circuits  and  the  AC  bus  to  achieve  desired  power  flow 
management.  Another  choice  is  to  use  Hybrid-Coupled  Systems 
(HCS)  configuration  in  which  instead  of  connecting  all  the  DC 
sources  to  just  a  single  DC  or  AC  bus,  the  different  DC  sources  can 


be  connected  to  the  DC  or  AC  bus  of  the  HRES.  In  this  configura¬ 
tion,  some  RES  can  be  integrated  directly  without  extra  interfacing 
circuits,  such  as  wind  energy  while  others  need  double  interface 
like  PV.  As  a  result,  the  system  can  have  higher  energy  efficiency 
and  reduced  cost.  Nonetheless  the  authors  warn  that  on  the  other 
hand,  control  and  energy  management  in  such  coupling  might  be 
more  complicated  than  for  the  DC-  and  AC-coupled-only  config¬ 
uration  [108,130],  A  key  component  to  grid-connected  HRES  is  the 
inverter  which  operates  in  phase  with  the  grid  (unity  power 
factor),  and  is  generally  delivering  as  much  power  as  it  can  to 
the  loads  -  whether  these  are  residential  consumers  or  the  grid  or 
both  -  given  the  available  RES  and  system  capacity.  Again  it  is  clear 
that  current  research  is  quite  focused  on  making  mini  and 
microgrids  smarter,  more  resilient,  self-healing,  more  flexible 
and  resourceful  when  viewed  as  a  collection  of  interacting  systems 
that  are  coupled  at  critical  nods  [108,130].  Interestingly,  the  paper 
“Autonomous  control  of  microgrids"  [165]  embraces  a  systems 
thinking  approach  to  microgrids,  stating  that  a  better  way  to 
realize  the  emerging  potential  of  DG  is  to  take  a  systems  approach 
which  views  generation  and  associated  loads  as  a  subsystem  or  a 
“microgrid”  [165]  and  where  the  microgrid  which  is  coupled  with  a 
group  of  rural  consumers  and  is  working  in  tandem  with  and 
parallel  to  the  grid,  constitutes  a  higher-order  system,  interacting 
with  yet  another  higher-other  system:  the  grid.  Thus  the  energy 
sources  comprising  the  microgrid  can  operate  in  parallel  to  the 
grid  or  can  operate  in  island  mode,  providing  additional  services 
such  as  uninterrupted  power  supply.  The  Consortium  for  Electric 
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Reliability  Technology  Solutions  (CERTS)  microgrid  control  concept  is 
included  in  this  paper.  Such  concept  is  driven  by  two  fundamental 
principles  (1)  A  systems  perspective  is  necessary  for  customers, 
utilities,  and  society  to  capture  the  full  benefits  of  integrating 
distributed  energy  resources  into  an  energy  system;  and  (2)  The 
business  case  for  accelerating  adoption  of  these  advanced  concepts 
will  be  driven,  primarily,  by  lowering  the  first  cost  and  enhancing  the 
value  of  microgrids  [165],  The  paper  argues  that  the  microgrid 
concept  enables  high  penetration  of  DC  with  the  current  conven¬ 
tional  power  distribution  systems  allowing  flexibility  and  compat¬ 
ibility  between  both.  When  the  microgrid  is  connected  to  the  grid, 
loads  receive  power  both  from  the  grid  and  from  local  micro-sources, 
depending  on  the  customer's  situation  [165], 


3.  On  the  implementation  of  sustainable  hybrid  energy 
systems  (SHES) 

On  [103]  “Grid-connected  hybrid  PV/wind  power  generation  system 
with  improved  DC  bus  voltage  regulation  strategy",  it  is  stated  that 
among  various  types  of  RES,  the  solar  and  wind  energies  are  the  most 
promising  ones  for  human  beings.  Due  to  the  rapid  growth  of  the 
power  electronics  techniques,  the  photovoltaic  (PV)  and  wind  power 
generations  systems  have  increased  rapidly.  Because  of  the  inherent 
nature  of  the  solar  energy  and  the  wind  energy,  the  electric  power 
generations  of  the  PV  array  and  the  wind  turbine  are  complementary. 
Therefore,  the  hybrid  PV/wind  power  system  has  higher  reliability  for 
delivering  continuous  power  than  either  individual  source  [103].  In 
many  configurations  of  HRES,  a  battery  bank  is  used  to  draw 
maximum  power  output;  however,  the  use  of  batteries  is  not  an 
environmentally  and  aesthetically  friendly  solution,  as  most  people 
know,  because  of  their  heavy  weight,  bulky  size,  high  costs,  limited 
life  cycles,  and  chemical  pollution.  Therefore,  the  best  way  to  utilize 
the  electric  energy  produced  by  the  PV  array  and  the  wind  turbines  is 
to  connect  them  to  the  AC  main  grid  directly  [103].  Different  circuit 
topologies  for  the  grid-connected  hybrid  PV/Wind  power  system  are 
shown  in  the  paper.  Since  the  output  voltage  of  the  PV  array  is 
different  from  the  one  of  the  wind  turbine  and  the  maximum  power 
point  tracking  (MPPT)  feature  is  demanded,  a  DC/DC  converter  and  a 
DC/AC  inverter  are  both  needed  for  the  PV/Wind  power  system.  The 
paper  shows  an  AC-shunted  grid-connected  hybrid  PV/Wind  power 
system  using  two  individual  DC/DC/AC  converters.  Each  one  is 
capable  of  delivering  maximum  power  produced  by  the  PV  array 
and/or  the  wind  turbine.  However,  no  communication  strategy 
among  systems  working  as  a  collective  is  discussed  whereby  the 
systems  involved  can  play  a  role  regulating,  adapting  and  assisting 
each  other  to  achieve  a  common  goal  as  a  smart  collective  system  of 
systems  -  a  smart  meta-system  -  that  transcends  the  purely 
technical-components  sphere.  Much  to  the  contrary,  almost  exclu¬ 
sively  like  in  vast  majority  of  papers,  HRES  components  and  their  role 
in  the  operation  and  control  dominate  the  discussion.  In  order  to 
operate  effectively,  HRES  in  the  form  of  a  grid-connected  microgrid 
supplying  power  to  a  group  of  homes  in  a  sustainable  block  must  be 
able  to  coordinate  and  utilize  their  limited  resources  to  deal  with 
uncertainty  and  complexity  effectively,  following  certain  strategic 
guidelines.  These  socio-technical  systems  must  be  able  to  acknowl¬ 
edge  the  tensions  between  flexibility  and  stability  forces  operating 
within  them,  and  then  manage  them  in  a  way  that  best  reflects  the 
strategy  sought  to  make  the  system  as  sustainable  as  possible,  from 
an  operational  standpoint.  As  pointed  out  earlier,  the  meta-system  is 
comprised  of  the  grid-tie  microgrid,  the  sustainable  block  and  the 
mains.  Both  flexibility  and  stability,  depend  on  the  meta¬ 
controllability  of  the  socio-technical  system,  and  it  is  the  role  of  the 
supervisory  control  to  be  implemented  for  the  HRES,  and  whose 
control  actions  are  triggered  by  set-points  upon  being  reached,  to 
determine  when  and  how  much  renewable  power  is  supplied  to  a 


particular  load  based  on  the  consumption  range  exhibited  by 
consumers.  This  particularly  efficient,  thrifty  energy  consumption 
behavior  on  the  part  of  consumers  is  elicited  by  means  of  a  well 
defined  energy  generation  and  supply  strategy  which  in  part  has  to 
be  implemented  through  certain  predefined  criteria,  employing  the 
concept  of  HC  linking  these  criteria  to  specific  strategic  needs  and 
objectives  of  the  meta-system.  It  is  the  system’s  designers  and 
engineers  who  are  called  upon  to  establish  the  right  balance  between 
stability  and  flexibility  in  the  HRES,  understanding  that  both  are 
desired  properties  or  qualities  of  the  socio-technical  system.  Such 
properties  must  be  engineered  in  the  system  itself  -  built  into  it  - 
instead  of  adding  them  onto  the  system  by  incorporating  more 
components.  Such  properties  do  not  oppose  one  another  -  contrary 
to  what  some  might  think  -  but  complement  each  other  well  if 
utilized  in  the  right  balance.  Perturbations  and  uncertainty  from 
within  or  outside  of  the  HRES  may  come  at  any  time  since  RES-based 
hybrid  energy  systems  by  nature  are  intermittent  in  their  generation 
unless  provided  with  readily  dispatchable  fossil-fuel  energy  sources 
and/or  rapidly  dispatchable  energy  storage  devices  like  a  large  battery 
bank.  Thus  the  need  to  be  connected  to  the  mains  and/or  or  be 
provided  with  adequate  energy  storage  or  with  readily  dispatchable, 
fast  conventional  power  generation  sources  such  as  diesel  engines. 
Such  perturbations  and  uncertainty  may  come  at  any  time  from 
within  or  from  outside  of  the  system  or  both,  affecting  the  system's 
stability  and  flexibility,  and  possibly  compromising  its  objectives 
therein,  thus  testing  its  resilience.  In  light  of  this,  the  approach 
chosen  to  build  such  properties  seeks  to  control  the  renewable  power 
supply  to  the  homes  by  means  of  particular  merit  criteria  which  can 
be  engineered  in  the  system  through  reward  incentives  whereby 
consumers  get  inexpensive  power  supply  form  the  renewable  micro- 
grid  if  they  are  able  to  keep  their  energy  consumption  within  a 
certain  range.  Such  strategy  can  be  designed  as  a  control  algorithm 
for  the  supervisory  control  of  the  microgrid  and  programmed  in  the 
PLC  for  its  implementation.  The  idea  behind  this  approach  is  to 
reward  thrifty,  efficient  energy  consumption  of  electricity  supply, 
tying  it  with  EE  and  greater  autonomy,  in  order  to  avoid  having  to 
purchase  too  much  expensive  electricity  from  the  mains.  Here  one 
can  see  behavioral  adaptation  at  play  as  a  means  to  exert  control  over 
certain  parameters  in  hybrid  micro-generation  systems  (HMS). 

Below  is  one  of  several  criteria  experimented  with  by  means  of 
computer  simulation  on  Matlab  2010.  In  the  example  shown  next,  to 
illustrate  the  model  for  the  purpose  of  simulating  the  system 
sustainability  strategy  being  proposed,  there  is  a  grid-tie  microgrid 
which  is  connected  through  a  parallel  network  to  a  group  of  homes 
termed  a  sustainable  block  in  a  rural  location  of  Chile.  From  this 
renewable  microgrid  consumers  may  satisfy  if  not  all  at  least  a  good 
part  of  their  electricity  consumption  needs  (close  to  80%  in  average  for 
this  particular  hybrid  system's  configuration  and  sizing).  First  it  is 
argued  that  in  order  to  build  a  more  flexible,  diversified  and 
sustainable  and  decentralized  electric  power  infrastructure,  DC  sys¬ 
tems  in  the  form  of  grid-tie  microgrids  must  be  implemented  with  a 
supervisory  control  strategy  capable  of  conditioning  consumers 
energy  use  efficiently,  allowing  them  the  choice  of  consuming 
inexpensive  yet  limited  power  supply  from  the  HRES,  by  keeping 
their  consumption  low  or  else  consuming  more  power  from  the 
mains  but  at  a  high  price  compared  to  the  microgrid  supply.  Such  a 
strategy  also  seeks  to  reconcile  power  supply  and  energy  demand  in  a 
way  that  preserves  the  sustainability  of  the  system  as  a  whole 
allowing  consumers  to  make  their  own  decision  as  to  when  and 
which  electricity  source  to  consume  from  yet  preventing  them  from 
over  consuming,  especially  from  the  grid  supply.  The  strategy 
proposed  is  intended  to  foster  EE  and  elicit  a  particular  behavior  on 
the  part  of  energy  consumers  which  calls  for  thriftiness  and  energy 
sustainability  consciousness,  looking  to  make  the  whole  socio- 
technical  system  -  a  complex  dynamic  system  in  itself  -  more 
adaptive,  flexible  and  sustainable  over  time.  For  this  it  is  essential  to 
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understand  that  new  design,  planning  and  control  strategies  ought  to 
emerge  [11-118,120-200]  which  may  allow  innovative  technical  and 
operational  visions  to  exist,  leaving  behind  from  the  traditional  main 
stream  road.  This  is  not  only  necessary  but  crucial  if  we  are  to  truly 
reach  for  the  development  of  sustainable  RES-based  microgrids  in 
rural  and  remote  communities,  using  a  sound  energy  sustainability 
philosophy  as  guiding  framework.  Below  is  the  nomenclature  for  the 
simulation  of  the  criterion  shown  below  as  an  example  of  several 
such  criteria.  The  criterion  is  explained  following  the  diagram  (Fig.  11 ). 

3.1.  Nomenclature 

i  Home 

t  Time  (h) 

m  Month  (m) 

PHESt  Power  generated  by  HES  at  time  t  (kW) 

dit  Power  consumption  of  the  home  i  at  time  t  (kW) 

Dt  The  block's  power  consumption  at  time  t  (kW  h) 

xlower  Lower  rank  of  eligibility  range  based  on  average  value  (x) 

Xupper  Upper  rank  of  eligibility  range  based  on  average  value  (x) 

N  N  denotes  the  set  of  homes  which  comply  with  the  set 

criterion 

SUM  Sum  of  the  power  demand  of  the  15  homes  comprising 
the  sustainable  block 

Phomeit  Power  bought  by  home  i  at  time  t  (kW) 
tm  Average  time  for  house  i  having  to  purchase  power  (how 

much  time  in  average  was  power  purchased  from  the 
mains). 

fm_!  To  start  for  m,  -1 

Pim  Average  power  purchased  for  house  i  in  the  month 
Qsb  Cost  for  the  whole  sustainable  block 

The  system  reads  the  power  supplied  by  the  hybrid  energy  system 
and  the  energy  demand  of  each  home  in  the  sustainable  block  (15 
homes).  Then  it  calculates  the  total  energy  demand  of  the  block,  as 


time  t  moves  on,  towards  a  complete  cycle  of  8760  h  in  a  whole  year's 
worth  of  simulation.  Then  the  system  computes  the  average  energy 
demand  for  the  entire  block  and  then  makes  a  decision  based  on  a  rule 
that  considers  the  energy  demand  of  each  home  and  compares  it  with 
the  average  demand,  taking  for  this  example  100  W  as  the  average 
daily  consumption  of  the  block  against  which  each  home's  demand  is 
compared.  This  is  directly  targeted  as  a  measure  of  EE  and  thriftiness 
of  consumers  in  regards  to  the  power  supply  capacity  of  the  HRES  and 
with  respect  to  reaching  for  the  alternative  yet  expensive  energy 
source,  drawing  more  or  less  power  from  the  grid.  Here  is  where  the 
Homeostatic  index  comes  in  as  a  relevant  measure  explained  earlier 
(Fig.  12). 

As  already  stated,  in  this  particular  criterion  used  here  only  as  an 
example  of  several  such  criteria,  a  condition  is  set  up  which  states 
that  if  the  demand  of  a  house  0.X  kW<dit  is  greater  than  or  equal  to  a 
certain  value  to  be  predefined  for  the  control  system  monitoring 
(consumption  is  kept  within  a  specified  range),  then  the  house  is  or  is 
not  eligible  to  receive  renewable  power  supply  from  the  microgrid. 
However  a  further  condition  is  introduced  here  that  enhances  the 
regulation  mechanism  by  the  systems  involved  and  this  is  done  by 
the  cost  calculation  but  this  time  in  regards  to  the  average  time  of 
power  being  purchased  by  the  house  from  the  main  grid,  as  it  is 
shown  in  the  flow  diagram's  right  below  Here  the  amount  of  electric 
power  purchased  during  a  whole  month  from  the  mains  by  house  i  is 
computed  by  the  summation  Pim  =  Phomeit-  Then  there  is  a 
condition  being  set  by  the  supervisory  control  system  strategy  for 
assigning  supply  of  renewable  electric  power  to  the  homes  within  the 
sustainable  block.  This  condition  states  that  if  electricity  consumption 
by  home  i  is  less  than  or  equal  to  a  certain  threshold  or  boundary 
limit  (e.  g.  75  kW  h  for  a  tiny  community  in  this  particular  case),  that 
is  Pim  <  75  kW  h  then  if  Yes,  condition  is  met  and  the  cost  function 
will  determine  that  the  house  pays  nothing  as  it  is  being  subsidized 
by  those  homes  which  consume  over  that  limit.  Thus  there  is  a  merit 
mechanism  based  on  consumption  range  that  fosters  and  incentivizes 
thrifty,  efficient  electricity  consumption  in  the  community,  and 


Fig.  11.  An  example  of  an  algorithm  employing  a  defined  criterion  to  efficiently  control  power  supply  to  homes.  Flow  diagram  for  Criterion  4  to  illustrate  the  Matlab 
programming  code  for  the  simulation. 

Note :  1  year  simulation  cycle  <5t=l  hour,  where  t=  8760  hr  in  1  year. 
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Fig.  12.  Above  is  the  second  portion  of  the  criterion  shown  above.  It  is  but  one  of  several  criteria  that  can  be  employed  to  manage  renewable  power  from  the  microgrid  to  a 
group  of  homes  comprising  a  sustainable  block.  The  algorithm  can  be  implemented  in  Matlab  programming  code  and  simulated  accordingly. 


rewards  the  homes  which  consume  less  than  a  certain  borderline 
amount.  This  way  the  strategy  seeks  to  keep  cost  reasonably  low  and 
the  overall  meta-system  sustainable  from  the  power  generation  and 
supply  standpoint.  Likewise,  the  cost  functions  and  values  used  here 
are  just  an  example  which  illustrates  the  case  for  a  particular  location 
scenario.  These  cost  functions  can  be  designed  in  a  wide  variety  of 
ways  using  different  cost-benefit  schemes  and  pricing  strategies,  all  of 
which  may  vary  significantly  from  one  place  to  the  next,  as  there  are 
various  rates  and  pricing  schemes  being  used  by  utilities  everywhere. 
This  is  true  also  for  smaller  suppliers  using  hybrid  DG  systems  for 
electricity  production,  depending  on  the  location,  time  of  year,  size  of 
population,  cost  and  means  of  electric  power  production,  transport 
and  transmission  costs,  etc.  Yet  the  basic  idea  that  the  supervisory 
control  strategy  applied  here  is  seeking  to  convey  to  consumers  is  that 
restraining  consumption  (being  energy  efficient  and  thrifty)  is  worth 
merit  and  must  be  rewarded.  This  particular  criterion  says  that  the 
microgrid  will  supply  and  charge  for  renewable  electric  power  to  the 
homes  based  on  a  certain  threshold  or  boundary  limit  of  electric 
power  consumption,  which  is  considered  thrifty  and  very  efficient  in 
terms  of  electricity  consumption  for  this  particular  community  based 
on  its  monthly  average  energy  consumption.  In  this  portion  of  the 
criterion  shown  below,  used  as  an  example,  we  have  yet  another 
condition  for  costing  which  says  that  the  cost  of  renewable  electric 
power  CR  =  Eie+Cim  for  the  month  is  summed  up  for  house  i  and  then 
asks  if  house  i  is  within  M,  where  M  denotes  the  set  of  homes  with  a 
monthly  energy  consumption  less  than  75  kW  h.  This  is  illustrated  in 
the  diagram  portion  below.  In  one  case  the  total  cost  of  electricity  for 
house  i  is  zero  where  in  the  other  case  the  cost  for  the  house  is  based 
on  how  much  renewable  power  consumption  it  had  for  the  given 
month). 

3.2.  Smart  micro-generation  systems  (SMGS) 

Smart  micro-generation  systems  belong  to  the  type  of  applications 
called  smart  grids.  Smart  grids  are  understood  as  the  key  technology 


that  can  enable  the  development  of  renewable  energy  sources  and 
improvements  on  energy  efficiency  (EE)  [109-119,121-130,193, 
197,227,233,234,243].  It  can  be  called  a  transformed  electricity  grid 
(transmission  and  distribution  levels)  that  uses  bidirectional  commu¬ 
nication  systems.  The  concept  of  smart  grid  can  be  utilized  to  define  a 
diverse  group  of  applications,  which  fosters  the  ability  to  monitor  and 
control  an  electricity  network  (US  Department  of  Energy,  2010)  [231  ]. 
There  is  no  unique  definition  of  smart  grid,  even  though  it  is  easily 
distinguished  from  a  conventional  power  grid  [161-206,231].  However 
one  can  easily  recognize  that  just  about  any  definition  on  the  subject 
points  to  an  entirely  different  system  from  the  conventional,  archaic 
electric  power  systems  we  grew  up  with.  Yet,  when  examining  the 
literature  on  the  subject,  particularly  on  microgrids,  one  realizes  that 
there  is  much  emphasis  on  technological  means  to  make  the  smart 
grid  smarter,  faster,  more  robust  and  more  resourceful  in  regards  to 
self-maintenance  and  self-healing  but  no  systems  thinking  and  CAS  is 
ever  applied  to  the  whole  meta-system  and  its  underlying  structure. 
No  treatment  of  the  complex  interaction  and  assistantship  that  may 
take  place  among  different  systems  integrating  a  microgrid  is 
addressed,  how  these  systems  can  coordinate  and  cooperate  among 
themselves  much  like  living  organs  do  during  metabolic  processes  in 
living  systems,  communicating  to  and  coordinating  with  each  other 
and  with  the  customer,  at  each  stage  of  the  operation  cycle,  informing 
the  status  of  the  system  along  with  any  other  relevant  piece  of 
information,  such  as  climatic  variables,  conditions  of  the  utility  grid  to 
which  the  small  microgrid  system  is  connected,  and  other  meaningful/ 
relevant  considerations  that  can  influence  the  meta-system's  behavior 
and  enhance  systems  coupling  and  assistantship. 

3.3.  Differences  between  conventional  grids  and  smart  microgrids 

In  general,  conventional  grids  have  a  limited  capability  of 
monitoring  and  control;  control  centers  communicate  with  gen¬ 
eration  centers,  power  substations  and  large  consumers;  control 
functions  are  often  operated  manually.  In  contrast,  a  smart  grid  is 


F.F.  Yanine,  E.E.  Sauma  /  Renewable  and  Sustainable  Energy  Reviews  26  (2013)  60-95 


85 


characterized  by  a  two-way  flow  of  electricity  and  information  and 
is  capable  of  monitoring  everything  from  power  plants  to  custo¬ 
mer  preferences  to  individual  appliances.  It  delivers  real-time 
information  and  enables  the  near-instantaneous  balance  of  supply 
and  demand  at  the  device  level.  It  can  operate  at  different  scales  as 
long  as  it  is  located  near  the  source  of  energy  and  near  the  areas  of 
delivery,  ideally  used  to  produce  and  consume  energy  locally.  It 
involves  changes  not  only  in  the  technology,  but  also  in  the 
elements  such  as  user  practices,  regulations,  industrial  networks, 
infrastructure  and  symbolic  meaning  [161-206,231].  In  regards  to 
the  latter,  and  in  an  effort  to  further  explain  the  approach  being 
presented  here,  the  major  criticism  to  be  made  here  is  that 
conventional  microgrids  have  limited  scope,  with  a  limited  cap¬ 
ability  of  monitoring  and  control,  especially  over  the  power  supply 
and  energy  demand  equilibrium  requirement  when  only  limited 
supply  is  available  and  no  energy  storage  is  present.  There  is  also 
an  excessive  preoccupation  with  net  metering  and  demand 
response  management  and  little  regard  for  systems  dynamics 
and  interactions  from  a  CAS  point  of  view  [216-230]  in  the 
treatment  of  varying  degrees  of  complexity  and  the  need  for 
adaptability  faced  by  the  meta-system  throughout  the  day.  More¬ 
over,  there  is  a  need  in  the  topic  of  grid-tie  microgrids  without 
energy  storage  to  explore  how  a  collective  effort  of  systems 
assisting  and  cooperating  with  each  other  in  a  “conscious”  (awake) 
manner  can  better  help  the  operation  of  the  whole  meta-system 
(the  system  of  systems  whereby  the  grid,  the  homes  and  the 
renewable  microgrid  are  all  coupled  together  comprising  one 
single  system),  particularly  with  respect  to  optimal  power  gen¬ 
eration  and  supply.  How  they  are  able  of  cooperating  and  assisting 
one  another  collectively,  much  like  a  living  organs  would  through 
homeostasis,  to  reach  an  efficient  equilibrium  state.  In  fact  the 
whole  discussion  throughout  the  literature  reviewed  on  the  latest 
state-of-the-art  trends  and  technologies  in  the  microgrid  field 
centers  around  the  idea  of  making  the  smart  microgrid  smarter, 
treating  it  like  an  intelligent  living  system,  a  living  organism  that  is 
“awake”,  capable  of  regulating  itself  and  adaptive  to  sudden 
changes.  One  that  is  able  to  communicate  at  every  coupling  node 
with  other  systems,  being  able  to  interact  with  its  environment, 
assisting  one  another  and  being  capable  of  self-organizing,  self- 
healing  and  overcome  chaos  when  perturbed  [80,216-228]. 

In  [81]  “A  social  SCADA  approach  for  a  renewable  based 
microgrid — The  Huatacondo  Project”  the  smart  grid  concept  is 
also  addressed  but  in  a  different  way,  adding  that  it  is  interdisci¬ 
plinary  in  nature,  comprising  a  set  of  technological  solutions  for 
electric  power  system  management.  Thus  a  smart  grid  is  under¬ 
stood  as  the  key  enabling  technology  for  renewable  energy 
development,  electric  vehicle  adoption,  and  EE  improvements 
[81],  It  represents  a  vision  for  a  digital  optimization  of  electric 
power  distribution  and  transmission  grids  as  applied  to  current 
operations,  enhancing  the  grid  security,  and  opening  up  new  ways 
of  tapping  alternative  energy  sources.  In  this  case  authors  focus 
also  on  rural  and  remote  communities,  but  in  this  case  they 
propose  Internet  Protocol  (IP)  on  home  devices  for  data  monitor¬ 
ing  and  transmission,  thus  making  it  possible  for  the  smart  grid  to 
send  information  back  and  forth  between  the  distributed  electric 
utility  grid  and  the  customers.  The  authors  in  [35,81-83]  propose  a 
demand  response  management  strategy  for  a  HRES  in  the  context 
of  flexible  demand,  with  significant  intermittent  generation,  e.g.  a 
microgrid  with  several  renewable  sources.  In  this  system,  the 
energy  demand  can  shift  and  be  flexible  to  reduce  the  peak  power 
demand  and  also  peak  shaving  or  shedding  in  order  to  mitigate 
the  system's  power  fluctuations;  however  this  action  requires 
evaluating  the  value  of  lost  load  for  consumers.  Emphasis  is  put 
on  the  need  for  reliable,  real-time  control  and  monitoring  systems 
when  a  high  penetration  of  DG  is  present.  Along  a  similar  line, 
Palma  et  al.  [81]  and  [82]  talk  about  an  electricity  generation 


system  based  on  diesel-fueled  generator  in  a  remote  location  of 
Chile  where  no  grid  is  present.  Such  system  is  to  be  intervened  by 
a  technological  transformation  [81,82],  meaning  that  a  more 
sustainable  energy  system  is  to  bring  changes  and  challenges  to 
the  community  as  compared  to  the  original  conditions,  thus 
requiring  resilience  on  the  people's  part,  and  the  need  to  adapt 
to  these  changes.  The  methodology  referred  to  in  the  paper 
corresponds  to  the  assessment  and  intervention  stages  of  the 
project,  developed  from  November  2009  to  February  2011  in 
Huatacondo,  a  tiny  village  of  approximately  100  inhabitants  in  a 
remote  mountainous  location  in  the  north  of  Chile.  [81,82] 

4.  Viewing  and  managing  hybrid  renewable  energy  systems 
(HRES)  as  living  open  systems 

Although  HRES  are  open  systems,  they  can  have  the  character¬ 
istics  of  a  closed  system  if  a  subsystem  with  the  function  of 
monitoring  and  regulating  the  power  flow  is  introduced  by  means 
of  feedback  loop  between  output  (consumers)  and  input  (super¬ 
visory  control  which  administers  the  resource  allocation)  as 
inputs,  the  RES  cannot  be  changed  but  the  load  may  be  changed 
through  flexible  demand.  Thus  with  a  back-up  system  operating  as 
another  energy  source  (for  example  a  diesel  generator  plant)  the 
system  can  be  designed  as  a  partial  closed-loop  feedback  system 
[87,193-197,219-223]  allowing  control  actions  to  correct  the  out¬ 
put  if  necessary. 

4.3.  Systemic  thinking  in  operational  concepts  of  the  sustainable 
hybrid  energy  system  (SHES) 

A  systems  thinking  approach  is  that  which  is  used  for  devel¬ 
oping  models  that  enable  our  understanding  of  events,  their 
apparent  randomness,  interrelations  and  the  patterns  resulting 
from  such  events,  which  at  times  can  constitute  a  trend;  but  even 
more  importantly  is  the  understanding  of  the  underlying  structure 
responsible  for  these  patterns  and  the  conditioning  factors/drivers 
acting  therein.  Particularly,  when  we  seek  to  analyze  a  complex 
phenomenon  from  a  systemic  viewpoint,  trying  to  understand 
what  elicits  a  particular  behavior  and  the  outcomes  thereafter,  we 
realize  that  it  is  only  through  our  understanding  of  the  underlying 
structure  and  its  dynamics  that  we  will  be  able  to  identify  the 
most  appropriate  leverage  points  to  effect  change  within  the 
system  and  produce  the  desired  outcome.  Goodman  et  al.  [212] 
in  their  book  "Designing  a  Systems  Thinking  Intervention",  give  a 
thorough  account  of  the  theoretical  and  technical  foundations 
behind  the  discipline,  giving  various  interesting  examples  of  the 
systems  thinking  (ST)  approach  to  tackle  more  mundane,  every 
day  problems  as  well  as  more  complex  ones,  and  explain  how  to 
design  a  ST  intervention  successfully  [212],  including  identifying 
and  diagramming  problems,  modeling  and  testing  causal  theories, 
and  building  control  strategies  and  decision  support  in  complex 
dynamic  systems.  Other  authors  have  also  contributed  signifi¬ 
cantly  to  the  task  of  bringing  much  and  important  understanding 
into  systems  thinking,  self-organizing  and  the  co-evolution  of 
interacting  dynamic  systems  such  as  those  already  described, 
offering  various  insights  and  methodological  schemes  for 
problem  solving  on  scales  ranging  from  the  personal  to  the  global 
[212-224], 

Fig.  13  shows  the  schematic  diagram  of  a  potential  PV-Wind 
HRES  connected  to  the  grid  without  energy  storage,  supplying 
power  to  a  small  community  in  the  form  a  sustainable  block  in  a 
rural  location  of  Chile.  The  meta-controller  coordinates  and  con¬ 
trols  de  entire  system  in  a  distributive  manner,  and  incorporates  a 
novel  (technical  innovation)  element  called  a  homeostatic  regulator 
for  enabling  the  (sustainable  hybrid  energy  system)  SHES,  which 
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Fig.  13.  A  portion  of  the  particular  criterion  already  seen  is  shown  above  as  an 
illustration. 


operates  much  like  the  homeostatic  regulation  (HR)  that  takes 
place  in  the  metabolic  system  of  living  organisms  like  humans  and 
animals.  Living  organisms  in  general  undergo  metabolic  changes, 
maintain  homeostasis  seeking  to  preserve  efficiency  and  stability 
in  the  system,  and  possess  a  capacity  to  react,  respond  to  stimuli, 
grow,  reproduce  and  adapt  to  their  environment  successively  for 
generations.  The  system's  homeostatic  regulator  is  a  vital  part  of 
the  meta-controller,  and  constitutes  the  means  to  regulate  energy 
flow  to  and  from  the  smart  microgrid  to  the  homes  and  also  the 
energy  flow  to  and  from  the  utility  grid.  It  is  in  essence  an 
intelligent  component  that  enables  the  meta-control  system  of 
the  smart  microgrid  to  manage  the  energy  flow  among  systems 
making  the  system  aware  of  itself  in  regards  to  its  sustainability. 
There  is  power  flowing  to  the  AC  loads  and  power  exchange 
between  the  HRES  and  the  utility  grid  (dark  arrows).  Likewise, 
energy  flows  from  Solar  PV  panels  generating  DC  electricity  going 
through  the  meta-controller  and  through  the  DC/AC  inverter 
before  going  into  the  AC  loads  (the  homes  in  the  sustainable 
block).  The  energy  also  flows  from  the  set  of  small  wind  turbine 
generators,  and  this  AC  electrical  energy  goes  through  an  AC/AC 
converter  to  improve  the  power  quality  prior  to  supplying  the  AC 
loads.  There  are  communications  and  control  links  throughout  the 
system  and  information  is  readily  made  available  to  home  dwell¬ 
ers  and  to  the  power  utility  grid  control  operator  remotely  as 
mentioned  earlier. 

Looking  back  at  the  SHES  challenge  and  the  smart  microgrid 
concept  discussed  earlier,  it  is  reasonable  to  expect  that  as  energy 
becomes  more  available  and  affordable,  it  will  be  consumed  more 
often  and  in  greater  quantities.  But  what  happens  if  the  opposite 
occurs?  We  would  expect  consumers  to  exercise  some  restraint  in 
energy  consumption,  just  as  the  human  body  saves  energy  when 
faced  with  lack  of  energy  and  water  sources  impelled  by  HR 
mechanisms.  Everyone  knows  and  has  experienced  this  phenom¬ 
enon  in  his/her  life  when  facing  food  and  water  shortage,  the  body 
slows  down  its  metabolism,  and  one  tends  automatically  to  eat 
less  or  drink  less  water.  The  same  thing  happens  when  the  body 
faces  cold  temperature;  it  will  seek  to  spend  a  little  energy  as 
possible  and  save  its  caloric  stock  especially  when  there  are  no 
means  of  getting  the  body  warmer  with  appropriate  clothing  or  by 
means  of  heating  the  environment  one  is  in.  Thus  a  smart, 
sustainable  supervisory  control  strategy  for  HRES  must  therefore 
emulate  the  homeostatic  mechanism  of  open  living  systems,  like 
those  of  humans  and  animals,  where  the  system  is  aware  of  its 
internal  functioning  and  transitioning  phases  as  it  interacts  with 
its  environment  while  carrying  out  its  internal  processes.  For  this 
to  occur  successfully  it  is  imperative  that  the  system  be  keenly 
aware  ("awake”),  informed  at  all  times  of  what  is  happening  inside 
as  well  as  outside  of  itself,  in  the  changing  environment  with 


which  it  interacts  and  be  able  to  send  and  receive  information. 
When  the  HRES  faces  scarcity  of  sunlight  for  example  or  when  the 
wind  does  not  blow  as  strong  for  the  wind  turbine  generators  to 
operate  at  rated  speed  or  else  when,  at  some  point  in  time  during 
the  day,  it  senses  a  shortage  of  electricity  supply  or  voltage  drops 
(sagging  voltage)  from  the  utility  electric  grid  to  which  it  is 
connected,  it  immediately  reacts  upon  the  new  condition  with 
the  capabilities  that  are  built  into  the  system.  Thus,  in  such  cases 
control  mechanisms  sense  these  changes  and  act  upon  them, 
regulating  and  self-organizing  within  the  HRES  functioning  in 
new  ways  to  accommodate  to  the  new  conditions. 

Therefore,  depending  on  the  nature  of  the  changes  that  the 
HRES  is  facing,  the  system  may  oversupply  or  exert  restrain  upon 
itself,  coordinating  with  other  systems  accordingly  and  commu¬ 
nicating  its  condition  and  the  causes  that  triggered  it  to  users 
inside  the  homes  via  a  wireless  network.  At  the  same  time,  it 
works  diligently  to  optimize  its  operation  in  such  a  way  as  to 
maximize  the  energy  availability  that  it  is  able  to  extract  from 
other  interconnected  systems.  Thus  what  is  happening  here  is  that 
the  whole  meta-system,  the  system  of  systems,  which  comprises 
the  households  within  the  sustainable  block,  the  grid-tie  HRES 
which  comprise  the  smart  microgrid  which  supplies  electricity  to 
the  homes,  and  the  electric  utility  grid  to  which  the  homes  and  the 
smart  microgrid  are  all  coupled  with,  communicating,  interacting 
and  assisting  each  other  in  real  time,  and  are  hence  capable  to  self¬ 
regulating,  adapting,  and  coordinating  with  one  another  if  neces¬ 
sary  to  achieve  the  best  possible  results  for  the  entire  meta¬ 
system.  Once  we  realize  that  the  HRES  may  be  viewed  and 
managed  like  a  living  organism,  like  humans  and  animals,  which 
upon  uncertain  and  varying  conditions  in  their  environment, 
immediately  change  their  behavior  and  adapt  in  order  to  ade¬ 
quately  face  the  changes  brought  upon  them.  Moreover,  nature  has 
it  that  living  systems  are  self-healing,  so  they  periodically  regulate 
and  adapt  themselves  as  needed  through  homeostasis  in  order  to 
survive  and  prolong  their  lifetime  as  much  as  possible.  Hence 
HRES  can  also  be  endowed  with  similar  capabilities  by  means  of 
sensing  devices,  communication  and  control  to  read  the  environ¬ 
ment,  the  state  of  the  electric  utility  grid  to  which  it  is  connected, 
as  well  as  the  loads  it  supplies.  Thus  the  SHES  can  be  turned  into  a 
smart  HRES  servicing  a  sustainable  load  in  which  the  consumers  in 
their  homes  are  an  active  part  of  the  system  which  is  coupled  with 
the  grid.  The  task  then  becomes  a  clear  one;  to  devise  the  best 
possible  coordination  and  control  strategy  to  achieve  energy 
sustainability  of  the  meta-system  of  which  the  HRES  is  part. 

4.2.  Communication  systems  and  data-sensing  devices  at  the  core  of 
homeostatic  control  model 

Before  going  further  we  wish  to  stress  the  need  for  SHES  to 
communicate  relevant  information  to  customers  on  a  continuous 
basis,  as  they  are  the  ones  to  make  the  decisions  on  when,  how  and 
how  much  energy  to  use  at  any  point  in  time.  The  SHES  is  there  to 
satisfy  demand  based  on  consumer  behavior  and  the  particular 
criterion  being  used  in  the  system  to  make  power  supply  from  the 
microgrid  as  efficient  and  sustainable  as  possible.  At  the  same  time,  if 
there  is  the  need  for  the  SHES  to  respond  to  an  internal  event  related 
to  the  operation  and  stability  of  the  subsystems  that  comprise  the 
microgrid,  it  will  act  upon  it  as  it  is  engineered  to  do  so,  relying  on  its 
built-in  capabilities  and  resources.  On  the  other  hand,  if  an  external 
event  occurs,  such  as  sudden  variation  in  RES  due  to  weather 
conditions  or  perhaps  difficulties  in  its  interconnection  with  the 
distribution  grid  due  perhaps  to  a  fault  line  somewhere  or  a  natural 
event  such  as  strong  winds  or  a  quake,  the  SHES  will  respond 
accordingly  as  it  is  expected  to  do.  Here  we  look  at  the  interaction 
among  the  different  systems,  lower-order  systems  like  the  HRES  with 
higher-order  systems  (due  to  their  degree  of  complexity)  such  as  the 
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utility  grid  and  the  sustainable  block,  both  of  which  are  connected  to 
it.  Thus,  the  SHES  may  communicate  continuously  its  overall  opera¬ 
tional  condition  and  key  parameters  of  the  same  to  the  utility  grid's 
control  operator  and  also  to  customers  in  their  homes.  If  for  example, 
at  some  point  there  is  not  enough  capacity  in  the  microgrid  to  supply 
as  much  power  as  it  is  called  for,  due  perhaps  to  weak/low  availability 
of  RES  to  draw  energy  from  or  an  internal  problem,  the  SHES  will 
enter  immediately  in  a  state  of  optimized  configuration,  self¬ 
regulating  and  adapting  itself,  self-healing  if  need  be,  so  as  to  perform 
its  function  as  adequately  and  efficiently  as  possible.  If  this  implies 
drawing  more  power  supply  from  the  grid,  it  will  do  so  and 
communicate  it  to  the  customers,  reflecting  also  the  change  in  the 
price  of  the  electrical  energy  being  consumed  at  that  point.  Thus  the 
SHES  will  act  accordingly  depending  on  the  circumstances  and  how 
they  present  themselves,  yet  seeking  to  endure  and  extend  its 
operation  as  much  and  as  best  as  possible.  These  various  modes  of 
operation  that  the  SHES  can  enter  depending  on  the  circumstances 
along  with  the  respective  causes  that  triggered  such  change  in 
operation  must  be  communicated  to  the  customers/users  of  the 
system,  operating  in  whatever  setting  the  system  may  be:  a  group 
of  homes  termed  a  sustainable  block  in  a  rural  location  somewhere, 
an  emergency  shelter,  an  encampment,  a  24-h  running  health  care 
facility  (like  those  which  are  much  needed  especially  in  rural  areas 
and  in  short  supply  still  in  several  regions  of  Chile),  a  military  outpost 
or  a  school  to  which  it  supplies  power.  Therefore,  as  already  stated, 
the  different  modes  of  operation  and  the  different  anomalies  that 
may  occur  therein  -  whether  these  are  due  to  internal  conditions  like 
a  system  malfunction  or  to  external  occurrences  emerging  from  the 
environment  -  like  for  example  a  sudden,  abrupt  weak  sunlight 
irradiation  in  a  clear  sunny  day  of  summer,  due  perhaps  to  scattered 
clouds  or  a  spout  of  coastal  fog  dropping  in,  or  strong  wind  gust  and 
rain,  all  which  may  be  responsible  for  triggering  the  system's 
responses  in  the  form  of  self-adapting,  self-organizing,  co-evolving 
and  restraining  mechanisms.  Indeed  if  one  is  to  employ  a  systems 
thinking  and  cybernetics  [212-224]  approach  implemented  through  a 
HC  system  strategy  for  the  SHES,  one  ought  to  focus  on  the  entire 
meta-system,  considering  that  these  are  recursive  actions  taken  by 
the  entire  system  including  the  customers/users,  all  operating  as  one 
single  system  to  reach  efficient  equilibrium  and  discrete  optimality,  in 
order  to  optimize  and  prolong  the  system  resources  and  operability, 
just  like  the  body  of  humans  and  animals  do  when  faced  with  similar 
situations. 

In  Fig.  14,  we  have  the  key  technology  enablers  of  today's  smart 
microgrid  system.  The  model  proposed  based  on  a  systems 


thinking,  cybernetics  and  CAS  theory  approach  aims  for  a  radical 
detour  from  the  traditional  emphasis  on  technical  component 
integration,  component  compatibility  and  larger  capacity  consid¬ 
erations  of  today's  main  stream  approach,  focused  much  more  on 
hardware  than  on  people's  needs  and  requirements.  Although  this 
process  is  ongoing  with  the  systems  involved  undergo  continuous 
changes  and  experience  the  need  for  adaptability  as  part  of  the 
meta-system,  such  a  system  is  only  partially  open  to  explicit 
human  intervention  but  for  the  most  part  it  is  determined  by 
the  structural  and  organizational  capabilities  built  into  the  meta¬ 
system  itself,  and  how  these  that  matters.  This  will  ultimately 
determine  the  success  or  the  failure  of  the  supervisory  control 
strategy  being  implemented.  From  this  particular  perspective, 
capability  building  in  the  meta-system  is  the  capacity  to  change, 
to  adapt,  to  self-organize  and  endure  change  and  adversity;  it  is 
essentially  an  emergent  property  of  CAS  that  arises  from  a 
continuous  process  of  self-organization  and  adaptation  among 
the  systems  involved.  The  term  emergence  describes  how  complex 
systems  change  and  how  different  capabilities  develop  continu¬ 
ously  within  them  towards  this  end.  Thus,  the  supervisory  control 
strategy  sought  in  the  present  approach  seeks  to  build  such 
capacity  and  capabilities,  manage  them  optimally  and  ultimately 
have  the  meta-system  be  able  to  control  emergence  successfully 
and  collectively,  as  a  system  of  systems,  consciously  “awake"  of 
what  is  happening  at  all  times  inside  and  outside  of  it  and  know 
how  to  best  handle  emergence  and  co-evolution  systemically 
Fig.  15. 

4.3.  Systems  coupling,  coordination  and  self-adaptation/regulation 
capabilities  of  SHES 

At  the  core  of  the  proposed  homeostatic  control  system 
strategy  are  the  systems  coupling,  coordination  and  self-adapta¬ 
tion/regulation  capabilities  of  the  SHES  which  the  system  can 
exhibit  whenever  there  is  need  for  the  system  to  act.  The 
particular  contribution  of  this  paper  lies  in  highlighting  and 
underpinning  the  basic  elements  behind  a  possible  supervisory 
control  strategy  for  grid-connected  sustainable  hybrid  energy 
systems  (SHES)  without  energy  storage,  in  a  small  smart  microgrid 
configuration,  employing  available  communication  systems, 
microprocessor-based  control  using  set-points  to  trigger  responses 
from  the  different  systems  and  sub-systems  involved,  employing 
data-sensing  devices  to  activate  such  control  responses.  The  SHES 
will  be  used  to  supply  electricity  to  a  group  of  homes  in  a 
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Fig.  14.  The  schematic  diagram  of  a  potential  PV-Wind  HRES  connected  to  the  grid  without  energy  storage. 
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Fig.  15.  Technical  diagram  of  key  enabling  systems  comprising  a  smart  microgrid  system  and  interactions  therein. 


sustainable  block  especially  designed  for  applications  in  rural  and 
remote  communities  of  rather  low  population  density,  like  those 
present  in  large  numbers  in  Chile  and  in  South  American.  The 
proposed  supervisory  control  system  will  monitor  the  group  of 
homes  that  are  connected  to  both  the  local  electric  distribution 
grid  and  to  the  smart  microgrid  that  supplies  clean  energy  to 
them.  The  microgrid  will  be  connected  via  internet  protocol  (IP) 
communication  network  to  the  utility  grid  control  operator.  The 
grid  control  operator  will  monitor  the  microgrid  and  know  at  all 
times  the  exact  amount  of  electric  power  that  is  being  produced  by 
the  HRES  along  with  all  the  energy  management  and  other 
relevant  parameters.  Thus  the  operator  will  be  able  to  take  action 
if  the  need  should  arise,  calling  for  remote  intervention  and 
communicate  this  to  the  users.  Likewise,  the  homes  in  the 
sustainable  block  will  be  located  near  the  microgrid  and  every 
home  will  have  sensors  in  its  electrical  distribution  or  gang 
junction  box  that  will  allow  the  microgrid  to  read  the  electricity 
consumption  of  each  home  during  a  24  h  period  all  throughout  the 
day  and  also  identify  the  different  sources  and  magnitudes  of 
power  consumption  (appliances,  lighting,  heating,  etc)  utilized  by 
the  dwellers.  Hence  the  microgrid  control  system  will  be  able  to 
measure  at  each  instant  of  the  day  the  electric  power  demand 
from  the  home  and  adjust  its  power  supply  accordingly,  thus  being 
able  to  divert  more  electric  power  to  those  homes  that  demand 
more  while  others  demand  less.  At  some  point  during  the  day,  and 
especially  during  periods  of  high  energy  demand,  the  microgrid's 
power  supply  will  not  be  enough  to  meet  the  homes  electricity 
demand  even  if  kept  moderate  and  therefore  the  microgrid 
supervisory  control  will  automatically  switch  over  to  the  electric 
power  distribution  grid.  Later,  once  the  electricity  consumption  of 
the  homes  decreases  to  a  manageable  level,  one  which  is  within 
the  power  supply  range  of  the  microgrid's  installed  capacity,  the 
microgrid's  supervisory  control  -  which  is  monitoring  at  all  times 
the  energy  demand  of  the  homes  -  will  send  the  signal  to  the 
home's  electrical  supply  network  controller  (a  programmable  logic 
controller  or  PLC),  signaling  that  it  is  taking  over,  thus  switching 
the  homes  electric  supply  back  to  the  microgrid  entirely  or  to  a 
larger  extent  than  it  was  possible  before  Table  1 . 

Furthermore,  smart  metering  is  a  fundamental  part  of  a  grid- 
connected  smart  microgrid  for  rural  and  remote  communities 
where  the  electricity  distribution  network  is  already  present.  This 
way  if  the  law  permits  it,  the  homes  will  be  able  to  sell  the  excess 
of  electric  power  produced  by  the  microgrid  to  the  grid,  once  the 
demand  in  the  home  is  low  and  there  is  a  surplus  coming  from  the 
microgrid's  supply.  Such  excess  power  can  be  injected  back  into 
the  local  grid  instead  of  going  to  waste  on  a  dump  load.  This 


otherwise  wasted  energy  could  very  well  be  used  in  alternative 
processes  with  some  combined  heat-and-power  (CHP)  applica¬ 
tion;  for  instance  space  heating  and  cooling  or  providing  heat  flow 
for  some  industrial  process.  Similarly  it  can  be  used  to  supply 
power  to  an  additional  load  such  as  a  groundwater  pump  as  it  is 
done  in  several  remote  locations  without  adequate  water  supply 
infrastructure.  As  mentioned  before,  this  application  considered  in 
the  context  of  the  sustainable  blocks  calls  for  activation  sensors, 
controllers  and  actuators  installed  in  the  home's  gang  junction  box 
and  may  also  be  connected  to  significant  loads  in  the  home,  in 
order  to  manage  the  electricity  needs  of  the  home  more  efficiently. 
At  the  same  time,  the  system  will  inform  the  dwellers  through  a 
display  monitor  the  capacity  of  the  microgrid  supply  at  all  times 
and  the  power  consumption  of  each  home  so  consumers  know 
how  much  power  is  being  demanded  versus  how  much  is  available 
for  consumption  from  the  microgrid.  Notwithstanding  the  fact  that 
the  local  grid  will  always  be  present  as  a  back-up  system  and 
readily  accessible,  consumers  are  being  incentivized  and  condi¬ 
tioned  by  the  particular  power  supply  management  criterion  being 
utilized  to  be  thrifty,  energy  efficient  and  sustainable  in  their 
energy  use.  This  may  be  possible  for  example  by  means  of  a  PC 
monitor  or  similar  device  installed  in  every  house,  much  like  the 
ones  used  by  any  smart  home  system  today,  which  shows  the 
control  actions  being  taken  by  the  system  and  displays  the  control 
commands  for  access  in  case  the  user  wishes  to  intervene  the 
system  control  manually.  Thus  the  smart  home's  controller  is 
connected  to  every  load  in  the  home  and  uses  a  local  commu¬ 
nications  network  (e.g.  LAN)  that  connects  the  home  with  the 
microgrid  and  eventually  with  the  utility  operator's  control  center 
to  advice  of  the  situation  of  each  home.  Here  it  is  pertinent  to 
quote  Branlat  et  al.  [228]  in  their  paper  “How  do  systems  manage 
their  adaptive  capacity  to  successfully  handle  disruptions?  A  resi¬ 
lience  engineering  perspective”,  when  they  ask:  “what  happens 
when  new  demands  arise  as  a  result  of  changes  in  the  environ¬ 
ment  or  in  the  system  itself.  As  a  result  of  these  points,  we  define 
resilience  as  fundamentally  anticipatory,  and  related  to  the  capa¬ 
city  to  handle  the  next  disruption.  In  short,  the  resilience  of  a 
system  corresponds  to  its  adaptive  capacity  tuned  to  the  future” 
[228], 

The  key  to  understanding  the  usefulness  of  the  proposed 
approach  lies  in  the  idea  of  handling  emergence  and  disruptions 
in  a  collective,  coordinated  and  conscious  effort;  not  a  mechanical, 
reductionist  and  deterministic  one  decided  by  a  device.  This  view 
can  help  to  better  understand  systems  capability  building  and 
management  more  effectively,  aiming  for  more  capable,  smarter 
and  more  resilient  microgrid  system  as  a  capable  adaptive  meta- 
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system  integrated  with  other  systems  and  managing  the  adapta- 
tive  and  self-organizing  capacities  and  capabilities  of  the  systems 
that  comprise  it  so  as  to  overcome  adverse  conditions.  A  meta¬ 
system  is  a  system  about  other  systems  -  a  system  of  systems  - 
such  as  the  constitution  of  a  nation.  Lotka  [232]  once  said: 
“Systems  prevail  that  develop  designs  that  maximize  the  flow  of 
useful  energy”  [232]  in  regards  to  how  open  systems  manage  to 
use  feedback  mechanism  and  an  array  of  adaptive  responses,  and 
constantly  adapt  and  change  in  the  face  of  new  circumstances  (or 
disruptions)  in  order  to  sustain  themselves,  maximizing  their 
useful  energy,  and  thus  prolonging  their  effective  operability. 
(Fig.  16) 

Above  it  is  shown  a  model  diagram  of  a  solar  PV  array  and  a  set 
of  vertical  wind  generators  for  residential  DG  projects.  The 
homeostatic  regulator  is  built  into  the  supervisory  control  system 
of  the  grid-connected  microgrid.  It  is  a  piece  of  technology 
comprised  of  both  hardware  and  software,  which  incorporates 
an  algorithm  implemented  therein  which  operates  the  coordina¬ 
tion  and  control  of  the  meta-system's  power  supply  subject  to 
certain  specific  criteria  based  on  EE,  thriftiness  and  energy 
sustainability.  Such  criteria  may  change  according  to  specific 
location  conditions  and  the  RES  of  the  site  where  the  system  is 
to  be  deployed.  The  specific  criterion  to  be  employed  could  be 
more  generic  at  first  as  a  base  template  for  supervisory  control  of 
such  systems  but  depending  on  the  users  and  the  specific  location, 
it  should  be  tailored  to  the  characteristics  of  the  rural  community 
to  be  serviced.  The  homeostatic  regulator  is  designed  to  act  much 
like  a  (homeostatic  regulation)  HR  mechanism  operating  in  the 
metabolic  system  of  living  organisms.  Living  organisms  in  general 
undergo  metabolic  changes,  maintain  homeostasis  seeking  equili¬ 
brium  between  energy  intake  and  expenditure,  and  also  possess  a 
capacity  to  react,  respond  to  stimuli,  self-organize,  adapt,  grow 
and  reproduce.  Such  HR  mechanisms  and  living  systems  charac¬ 
teristics  have  inspired  the  present  HC  model  with  a  supervisory 
control  strategy  with  clear  economic  and  social  incentives  that 
seeks  to  maintain  homeostasis  and  condition  energy  users  to  be 
thrifty  and  energy  efficient  is  envisaged  in  the  current  model  for 
residential  power  distribution  services.  (Fig.  17) 

Finally,  the  power  consumption  of  the  AC  loads  is  also  expected 
to  vary  throughout  the  day.  Thus  it  is  important  that  the  microgrid 
“knows”  of  this  changes  and  is  aware  of  the  varying  electricity 
needs  of  the  homes,  as  well  as  the  quality  of  power  is  supplying,  in 


order  to  proactively  and  efficiently  respond  to  these  changes  in 
order  to  fulfill  customer  requirements  effectively  and  efficiently, 
coordinating  its  operation  with  the  utility  grid  to  satisfy  demand 
and  keep  the  energy  flow  soft  and  smooth,  seamlessly  circulating 
from  the  microgrid  to  the  sustainable  block.  The  meta-controller 
will  be  able  to  act  and  respond  to  interruptions  or  disruptions 
being  provoked  by  internal  or  external  phenomena  that  may  occur 
all  of  a  sudden,  adapting  the  HRES  operation  to  these  changes.  For 
example,  should  the  DC/AC  inverter  fail/break-down,  the  meta¬ 
controller  will  continue  to  operate  with  the  wind  turbine  gen¬ 
erators  only;  or  vice  versa,  should  the  wind  turbines  AC/AC  power 
converter  break-down  at  any  point,  preventing  the  flow  of  elec¬ 
trical  energy  to  continue  operating  properly,  the  meta-controller 
will  adapt  and  self-reorganize  appropriately  to  continue  operating 
with  the  solar  PV  panels  only.  In  all  these  cases,  much  less  electric 
power  will  be  able  to  flow  to  the  homes  due  to  these  disruptions 
or  adverse  conditions.  In  such  cases,  the  meta-controller  will 
determine  when  the  microgrid  shall  draw  the  necessary  amount 
of  electric  power  from  the  utility  grid  to  provide  for  the  deficit.  On 
the  other  hand,  there  will  be  times  during  the  day  when  the 
microgrid  is  providing  electricity  in  excess  of  what's  being  con¬ 
sumed  by  the  loads.  In  these  cases,  as  already  seen,  one  could 
expect  such  excess  in  electrical  energy  to  be  used  by  the  grid  or  by 
alternative  processes.  Thus,  if  smart-metering  can  be  implemented 
and  a  deal  be  worked  out  with  the  local  power  utility,  the 
sustainable  block  (the  homes)  could  sell  this  unused  or  excess 
electricity  back  to  the  utility  grid  and  with  this,  get  a  discount  on 
their  monthly  electric  bill. 


5.  Discussion 

Back  in  the  late  1970s  when  Schweppe  introduced  HC  the 
reality  of  the  world's  energy  market  was  quite  different  than  it  is 
today,  and  the  threat  of  global  warming  was  non-existent.  Oil 
resources  estimates  and  price  of  fossil  fuels  were  also  different 
than  they  are  today.  Unless  we  move  forward  with  the  right 
regulatory  framework,  technology  issues  and  economic  incentives 
for  customers  and  suppliers  of  DG  systems  in  general  and  HRES  in 
particular,  operating  as  smart  microgrids,  things  will  not  change 
substantially  in  the  direction  we  need  them  to.  This  is  especially 
true  for  developing  countries  like  Chile,  with  a  very  high  price  of 


Fig.  16.  Model  diagram  of  grid-connected  HRES  comprising  a  smart  microgrid  without  energy  storage. 
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There  are  communications  throughout  the  entire  system,  residential  consumers  may  Renewable  electric  power  network 

communicate  with  utility  operator  and  have  access  to  all  information  about  power  generation  supplied  by  the  Grid-connected 
and  supply  to  their  homes  by  the  renewable  energy  micro  grid  in  real  time. 
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Fig.  17.  A  possible  configuration  of  the  smart  microgrid  supplying  power  to  a  sustainable  block  of  15  homes. 


electricity  is  paid  when  compared  to  other  regions  of  the  world. 
This  is  also  important  in  order  to  have  all  the  relevant  players 
actively  participate  and  make  their  share  of  commitments  to 
advance  in  the  clean  energy  crusade.  In  Chile,  a  country  where 
the  economic  growth  is  still  very  much  tied  to  energy  consump¬ 
tion,  and  where  the  electric  power  generation  and  distribution 
sectors  are  heavily  concentrated,  the  energy  matrix  is  quite 
centralized  in  spite  of  some  efforts  in  the  energy  policy  agenda 
towards  greater  decentralization  and  diversification.  At  the  pace 
that  new  electric  power  generation  initiatives  and  projects  are 
moving,  with  heavy  environmental  requirements,  new  local  and 
national  regulatory  prerequisites  and  costly  technical  and  socio¬ 
economic  studies  being  required,  the  uphill  road  towards  new 
conventional  power  developments  is  slowing  down  future  growth. 
All  this  amid  growing  societal  scrutiny  over  this  issue,  aimed  at 
safeguarding  the  country's  ecological  and  environmental  equili¬ 
brium  for  future  generations,  and  where  the  green  activists  and 
environmentalists  are  more  present  today  than  ever  before.  These 
groups  play  a  pivotal  role  in  the  way  society  is  reacting  towards 
new  energy  projects  and  are  making  their  voice  heard  in  the 
political  arena  as  well  with  a  very  respectful  percentage  of  voters. 
Under  such  scenario,  a  country  like  Chile  which  aspires  to  grow 
significantly  over  the  next  decade  to  reach  developed  nation 
status,  will  not  be  able  to  keep  the  energy  ship  afloat  at  pace  with 
the  economic  growth  agenda,  and  will  have  to  face  dire  conse¬ 
quences  in  the  not  so  distant  future.  Thus  the  need  to  advance  in 
decentralization  and  diversification  of  the  energy  matrix  and  to 
make  the  most  of  new  RET  and  DG  projects  in  the  form  of  mini  and 
microgrids  to  stay  the  course  towards  greater  change  and  integra¬ 
tion  with  the  current  electric  power  infrastructure.  This  can  be 
achieved  by  devising  new  ways  and  means  to  use  existing 
technology  to  advance  this  crusade.  Such  is  the  necessity  that 
Chile  faces  today;  one  that  stands  unequivocally  clear  and  must  be 
aided  and  supported  by  adequate  regulation,  technological  inno¬ 
vation  and  economic  policies  and  incentives. 

Likewise,  the  technology  in  communications  and  control  sys¬ 
tems  is  far  more  advanced  today  than  it  was  back  in  1979  and  early 
1980s  when  Schweppe  introduced  HC  in  electric  power  systems, 
while  the  prices  of  fuel  and  electricity  keep  going  up,  and  with 


them  food  and  other  basic  necessities,  a  reality  much  felt  in  Chile 
in  particular,  hurting  especially  the  poor  and  middle  classes 
everywhere.  Thus  it  makes  perfect  sense  in  today's  world  to 
advance  in  ways  that  can  foster  and  elicit  the  growth  of  sustain¬ 
able  hybrid  energy  systems.  On  the  other  hand  EE  has  yet  to  see 
the  light  of  day  and  achieve  its  true  potential  especially  in  Latin 
America  where  Chile  is  a  clear  and  present  example  of  this  in  the 
region.  Therefore  we  believe  that  coordination  and  control  strate¬ 
gies  that  can  aid  this  transformation  are  to  be  embraced  and 
implemented.  The  development  and  implementation  of  homeo¬ 
static  control  for  hybrid  electric  power  systems  in  the  mini  and 
micro-generation  sector  is  one  of  them  and  can  have  a  major 
impact  on  the  integration  of  DG  and  RET  employing  grid-tie  HRES 
especially  in  the  perspective  of  governments  and  small  rural 
communities  alike.  It  should  also  prove  to  be  an  important  driver 
and  enabler  of  EE  and  the  advancement  of  the  energy  sustain¬ 
ability  agenda  worldwide  as  it  seeks  to  change  not  only  the  way 
grid-connected  HRES  operate  and  interact  with  the  current  utility 
grids  infrastructure  but  also  the  electricity  consumption  habits  of 
consumers,  particularly  residential  consumers  in  rural  commu¬ 
nities,  making  them  active  participants  and  game  changers  in  the 
energy  marketplace.  Residential  consumers  and  small  businesses 
in  particular,  should  see  their  costs  go  down  as  they  learn  to  be 
thrifty,  efficient  and  sustainability-conscious  in  their  energy  con¬ 
sumption,  in  a  way  that  makes  it  possible  for  new  alternatives  in 
power  generation  and  distribution  to  exist  and  enter  the  market¬ 
place.  The  large  consumers  will  also  have  benefits  as  energy 
demand  should  become  more  moderate  and  come  down  with 
the  appropriate  incentives  so  that  load  shedding  does  not  have  to 
be  single-sided  and  imposed  on  consumers  by  the  utilities  at  will. 
EE  and  overall  systems  sustainability  depend  on  and  will  greatly 
benefit  from  homeostatic  regulation  and  control  of  grid-connected 
HRES.  It  makes  sense  to  install  stand-alone  systems  where  there  is 
no  grid,  and  invest  heavily  on  large  energy  storage  devices  where 
it  is  appropriate  and  economically  sound  to  do  so,  but  in  most 
places  there  is  an  important  electric  power  infrastructure  already 
in  place  with  which  the  RET  and  DG  in  general  should  integrate 
and  fully  interact  with  to  take  advantage  of  economies  of  scale. 
Thus  the  words  of  F.  C.  Schweppe  and  his  group  at  MIT  back  in 
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1981  are  just  as  valid  today  as  they  were  back  then,  when  they 
said:  “it  is  important  to  have  a  close  interaction  between  custo¬ 
mers  and  the  utility,  it  is  equally  important  for  customers  to  make 
independent  decisions.  It  is  more  efficient  for  a  customer  to  make 
the  decision  to  reschedule  or  even  to  shed  load  than  it  is  for  an 
external  source,  such  as  an  electric  utility  controller,  to  make  the 
decision  to  manage  or  shed  customer  load.  Industrial  customers 
are  far  more  able  to  judge  the  value  of  electricity  to  their  processes 
at  any  given  point  in  time  than  is  the  utility  controller  who  has 
little,  if  any,  information  concerning  the  process.  From  the  utility's 
point  of  view,  it  is  important  not  to  be  forced  into  the  politically 
dangerous  position  of  having  to  play  the  “big  brother”  who  decides 
how  and  when  customers  are  going  to  use  their  processes, 
appliances,  or  other  usage  devices.  Under  Homeostatic  Control 
the  utility  does  not  “cross  the  meter  line”  and  the  customer  retains 
complete  freedom  of  decision  making.”  Schweppe  et  al.  [176— 
178,180] 


6.  Concluding  remarks 

“The  complexity  of  systems  creates  new  opportunities,  but  also 
new  challenges,  especially  in  the  form  of  increasing  scope  and  side 
effects  due  to  wider  networks  of  interdependencies.  A  resilient 
system  therefore  needs  to  be  able  to  deploy  new  ways  of 
functioning”  [228], 

In  this  paper  a  new  approach  for  the  understanding  and 
operation  of  grid-connected  HRES  has  been  presented  based  on 
systems  thinking  and  cybernetics  [212-224].  Such  approach 
explores  the  energy  sustainability  concept  from  an  operational 
and  technical  standpoint  rather  than  from  more  traditional  per¬ 
spectives.  The  paper  introduces  a  theoretical  model  for  imple¬ 
menting  supervisory  control  strategies  for  grid-interactive  HRES 
employing  the  smart  microgrid  concept  which  has  its  foundations 
on  homeostatic  control  (HC).  The  model  seeks  to  analyze  HRES  as 
CAS  that  can  learn  and  evolve  towards  sustainable  hybrid  energy 
systems  (SHES).  It  is  based  on  an  effort  to  integrate  NCRE  through 
DC  projects  in  rural  and  remote  communities,  particularly  in 
countries  like  Chile  where  such  communities  abound.  Thus  in  this 
CAS  approach  one  may  distinguish  a  complex  set  of  relations  and 
fluid  interactions  amongst  the  different  systems  comprising  the 
meta-system,  and  where  coordination  and  control  functions  oper¬ 
ate,  along  with  self-organizing  and  self-adapting  mechanisms  akin 
to  homeostasis  in  humans  and  animals.  From  this  perspective,  the 
task  of  a  control  design  and  capability  development  strategy  of 
such  a  system  is  closer  to  complex  system  adaptation  while 
interacting  with  other  systems,  requiring  collective  coordination 
and  self-sustenance.  This  model  stands  in  sharp  contrast  to  the 
conventional  topics  of  component  integration,  machine  building, 
systems  compatibility  and  capacity  concerns  that  are  common  in 
the  literature  dealing  with  HRES  and  microgrids  today.  Such  is  the 
traditional  approach  which  largely  dominates  the  discussion  of  the 
current  focus  in  the  literature;  one  which  is  centered  far  more  on 
purely  technological  aspects  and  less  on  the  complexity  of  a 
human-machine  interface.  It  is  found  also  that  there  is  excessive 
preoccupation  with  demand  response  management  and  little 
regard  for  systems  dynamics,  interdependencies  and  interactions 
from  a  CAS  analysis  point  of  view  in  the  treatment  of  varying 
degrees  of  complexity  faced  by  all  the  systems  involved:  the 
renewable  microgrid,  the  grid  with  which  it  is  tied  and  operating 
in  parallel,  and  the  users  who  consume  energy.  Thus  there  is  a 
need  for  ongoing  adaptability  faced  by  the  meta-system  through¬ 
out  the  day.  Moreover,  an  effort  is  needed  to  go  beyond  compo¬ 
nent  integration  and  compatibility,  and  to  focus  rather  on  just  how 
such  a  collective  effort  of  systems  (of  which  the  utility  grid  and  the 
users  in  their  homes  are  a  vital  part)  assisting  and  cooperating 


with  each  other  in  a  “conscious”  (awake),  active  manner,  can  make 
the  whole  system  more  capable  and  resilient.  A  well  coordinated 
and  collective  effort,  that  can  better  help  the  operation  of  the 
smart  microgrid  as  a  meta-system,  a  smart  system  of  systems, 
particularly  with  respect  to  optimal  power  generation  and  supply. 
In  fact  the  whole  discussion  throughout  the  literature  review  of 
the  state-of-the-art  in  smart  microgrid  lends  support  to  the 
proposed  approach  for  the  coordination  and  control  of  HRES, 
where  the  relevant  discussion  centers  around  the  idea  of  making 
the  smart  microgrid  smarter,  treating  it  like  an  intelligent  complex 
living  system,  and  being  capable  of  self-healing  when  perturbed 
[228]  In  essence  it  is  how  these  capabilities  built  into  the  meta¬ 
system  are  used  that  will  ultimately  determine  the  success  of  the 
coordination  and  control  strategy.  From  this  particular  perspective, 
capability  development  of  such  a  system  is  the  capacity  to  react,  to 
change,  to  adapt;  it  is  essentially  an  emergent  property  of  systems 
that  arises  from  a  continuous  process  of  self-organization,  inter¬ 
actions  and  adaptation  among  the  different  systems  involved.  The 
term  emergence  describes  how  complex  systems  change  and  how 
different  capabilities  develop  within  them.  Thus,  the  coordination 
and  control  strategy  sought  in  the  present  approach  seeks  to  build 
such  capabilities  in  the  meta-system,  manage  them  optimally  and 
ultimately,  have  the  meta-system  be  able  of  controlling  emergence 
successfully  and  collectively,  as  a  system  of  systems,  consciously 
“awake”  of  what  is  happening  at  all  times.  As  a  result,  the  present 
model  suggests  that  it  is  possible  to  do  both:  to  instill  EE  and 
thriftiness  in  the  target  community  where  the  project  is  to  be 
implemented  as  well  as  to  instill  higher  flexibility  and  stability  in 
the  system  in  order  to  reconcile  energy  demand  response  manage¬ 
ment  and  power  supply  management  strategies  to  create  true 
sustainable  hybrid  energy  systems. 

Future  trends  in  smart  microgrid  operation,  especially  the 
grid-connected  type,  should  focus  more  on  the  issues  discussed 
in  this  paper,  realizing  that  SHES  can  be  intelligent  systems 
behaving  like  living  systems,  which  are  part  of  higher-order 
systems  like  the  grid  and  the  sustainable  block,  a  new  concept 
introduced  here.  Thus  SHES  are  capable  of  exhibiting  intelligent 
interactions  with  such  systems  when  coupled  to  the  local 
electric  distribution  network  (the  grid),  and  capable  of  bringing 
additional  benefits  to  consumers  and  to  the  electric  power 
generation  system  as  a  whole  in  spite  of  the  absence  of  energy 
storage  devices. 
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